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INVESTIGATION OF THE ELECTRICAL PROPERTIES OF CONDUCTIVE 
POLYMER COATED TEXTILE 
SUMMARY 
Especially in recent years, by the enlargement in the fields of application of conductive 
polymers, these polymers have become an important alternative to metals. Because 
of the difficulty in processibility due to the melting problem and in solubility, the 
fabrication towards the intended purpose and the applications of the conducting 
polymers have been restricted. To overcome this problem the conducting polymers 
are coated upon the textile substrate. Combination of the mechanical properties of 
flexible and elastic substrate material with the electrical, microwave properties and 
biocompatibility advantage of the polypyrrole coating allows composites to be used at 
the fields such as electromagnetic interface shielding, microwave absorption, static 
charge dissipation, biomedical and tissue engineering. One of the most common used 
conducting polymers for coating textiles is polypyrrole. It is pointed out that polypyrrole 
coated textiles are used as sensing fabric for detecting the tension to control and to 
measure the various movements of human body. 
In situ and two step chemical polymerizations of pyrrole onto the polyester textile 
substrate has been investigated in this study. Three different solvent (acetonitrile, 
methanol/acetonitrile mixture and distilled water) were used to be able to investigate 
the effect of solvent on the conductivity. FeCl3 is the most common oxidant used for 
pyrrole polymerization. But there are not more information for the in situ 
polymerization pyrrole on the textile by using Cerium(IV) Ammonium Nitrate (CAN) 
as oxidant. CAN was used as oxidant to obtain information, and results were 
compared with the results of the syntheses that carried out with FeCl3. During the 
polymerization, effect of different parameters such as monomer, oxidant, dopant 
concentration, solvent, polymerization time and addition order of reactants were 
investigated. The in situ polymerization of aniline on the textile has also been carried 
out for comparison. The dopants pTSA and NaClO4 were used. SEM, EDX and 
FTIR analyses were made to the coated samples. The conductivities of the coated 
textiles were calculated from the measured resistivity values. Capacitances of the 
conductive textile were also measured. The Cl/C, Cl/N, S/N and (Cl+S)/N ratios 
were calculated from the EDX analyses and the relation between this ratio and 
conductivity was investigated. As a result, it was observed that the specimens 
coated in the presence of FeCl3 oxidant have conductivity values substantially 
higher than that of coated in the presence of CAN oxidant. The capacitances of the 
specimens were also measured. The capacitance values up to 10 mF was obtained 
for the conductive polymer coated textiles. This value is 1000 fold higher than 15µF 
which has been observed for similar polymers in the literature and these conductive 
polymer coated textiles can be used in the electrical charge storage devices.  
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İLETKEN POLİMER KAPLI TEKSTİLİN ELEKTRİKSEL ÖZELLİKLERİNİN 
ARAŞTIRILMASI  
ÖZET 
Özellikle son yıllarda iletken polimerlerin kullanım alanlarının genişlemesiyle iletken 
polimerler metaller için önemli bir alternatif haline gelmişlerdir. Fakat bu polimerlerin 
erime ve çözünme problemleri nedeniyle işlenmesinde yaşanan zorluklar, iletken 
polimerlerin istenilen amaca yönelik üretimini ve uygulamalarını sınırlamaktadır. Bu 
problemi aşmak için iletken polimerler, tekstil taşıyıcı üzerine kaplanmakta, 
böylelikle iletken polimerlerin işleme problemlerinin de üstesinden gelinmektedir. 
Esnek ve elastik taşıyıcı malzemenin mekanik özellikleri ile polipirol kaplamanın 
elektriksel, mikrodalga özelliklerinin ve biyouyumluluk avantajlarının birleşmesi, 
kompozitlerin elektromanyetik arayüz kalkanlama, genişbant mikrodalga soğurma, 
statik yük yayılımı, biyomedikal ve doku mühendisliği gibi alanlarda 
kullanılabilmesine olanak sağlamaktadır. Tekstillerin kaplanmasında en çok 
kullanılan iletken polimerlerden biri polipiroldür. Polipirol kaplı tekstillerin insan 
vücudunun farklı hareketlerinin ölçülmesi ve kontrolünün sağlanması için gerilmenin 
algılanmasında duyarlı kumaş (sensing fabric) olarak kullanıldığı belirtilmiştir. 
Bu çalışmada, pirolün polyester kumaş üzerine in situ ve iki basamaklı kimyasal 
polimerizasyonları incelenmiştir. Çözücünün iletkenlik üzerindeki etkisini 
inceleyebilmek amacıyla üç farklı çözücü (asetonitril, metanol/asetonitril karışımı ve 
destile su) kullanılmıştır. FeCl3 pirolün polimerizasyonunda en yaygın kullanılan 
oksidanttır. Fakat pirolün kumaş üzerine in situ polimerizasyonunda seryum 
amonyum nitrat (CAN) kullanımı ile ilgili bilgiye rastlanmamıştır. Bu konuda bilgi 
edinmek amacıyla oksidant olarak CAN kullanılmış ve sonuçlar, FeCl3 oksidant 
kullanılarak gerçekleştirilen sentezlerin sonuçları ile karşılaştırılmıştır. 
Polimerizasyon sırasında, monomer, oksidant, dopant konsantrasyonu, çözücü, 
polimerizasyon süresi ve reaktantların eklenme sırası gibi farklı parametrelerin 
etkileri incelenmiştir. Dopant olarak pTSA ve NaClO4 kullanılmıştır. Monomer etkisini 
karşılaştırma yapabilmek amacıyla, anilinin de tekstil üzerinde in situ 
polymerizasyonu pirole benzer şekilde gerçekleştirilmiştir. Kaplanmış numunelere 
SEM, EDX ve FTIR analizleri yapılmıştır. Kaplanmış numunelerin iletkenlikleri, 
direnç değerleri ölçülerek hesaplanmıştır. İletken tekstillerin kapasitansları da direnç 
değerleriyle eşzamanlı olarak ölçülmüştür. EDX analizinden elde edilen verilerden 
Cl/C, Cl/N, S/N ve (Cl+S)/N oranları hesaplanmış ve bu oranların iletkenlik ile ilgisi 
incelenmiştir. Sonuç olarak, FeCl3 oksidant varlığında kaplanan numunelerin, CAN 
oksidant varlığında kaplananlara göre çok daha yüksek iletkenlik değerlerine sahip 
olduğu görülmüştür. Aynı zamanda numunelerin kapasitans değerleri ölçülmüş ve 
iletken polimer kaplanmış kumaşlar için bu değerlerin 10 mF’a kadar yükseldiği 
görülmüştür. Bu değer literaturde benzer polimerler için gözlenen 15µF değerinden 
yaklaşık 1000 kat daha yüksektir ve bu iletken polimer kaplı tekstiller, elektrik yükü 
depolayabilen cihazlarda kullanılabilir. 
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1 INTRODUCTION 
Especially in recent years, by the enlargement in the fields of application, conducting 
polymers have become an important alternative to metals. Because of the difficulty 
in processibility due to the melting problem and in solubility, the fabrication towards 
the intended purpose and the applications of the conducting polymers have been 
restricted. To overcome this problem the conducting polymers are coated upon the 
textile substrate. The studies in this subject have been started in 1970s. One of the 
most common used conducting polymers for coating textiles is polypyrrole (Kuhn 
and Child, 1998; Cheng, et al., 2005). Aside from polypyrrole; different polymers 
such as polyaniline, poly(N-vinyl carbazole), polythiophene, polyacetylene, 
poly(para-phenylene), poly(phenylene-vinylene), etc. had been studying, but 
because of the reasons such as low oxidation potential, the solubility property in 
water and high conductivity property, better environmental stability, and presenting 
less of toxicological problem than other conducting polymers, PPy has been mostly 
preferred (Cheng, et al., 2005; Wallace, et al., 2003). 
Combination of the mechanical properties of flexible and elastic substrate material 
with the electrical, microwave properties and biocompatibility advantage of the 
polypyrrole coating allows composites to be used at the fields such as 
electromagnetic interface shielding, microwave absorption, static charge dissipation, 
biomedical and tissue engineering.  
Although there are studies about the polymerizations of PPy and PAni with metal 
salts, it has not been attained to the studies in which the effects such as 
concentration, polymerization methods and adding order of the components were 
investigated systematically in comparison and in the same conditions with the 
oxidants Cerium(IV) Ammonium Nitrate (CAN) and Iron(III) Chloride (FeCl3). For this 
reason, the effects of the different polymerization parameters on the properties of 
the conductive polymer coated textile, which had been obtained, have been 
systematically investigated in this study. 
In this study, it has been planned to synthesize polypyrrole and polyaniline onto the 
textile substrate by using different dopant anions and at different solvents. Some 
toxicological problems can be associated with the industrial handling of aniline and 
 2 
 
polyaniline (Kuhn, et al., 1993). Therefore, the study has been focused on 
polypyrrole in this thesis. The electrical conductivity and capacitance measurements 
of synthesized conductive textiles at different experimental conditions have been 
investigated comparatively and the optimum conditions for application were 
determined. 
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2 CONDUCTIVE POLYMERS 
2.1 Polymers 
Polymers are materials of very high molecular weight that are found to have various 
applications today. Polymer is the word which has been formed by the combination 
of two Greek words: “poly” means many and “meros” means small piece. This word 
defines the huge molecules that consist of several repeated structural units called 
monomer bound together by covalent bonds. Polymers have thousands or millions 
of atoms in their one molecule and named as macromolecules. Although the words 
polymer and macromolecule can be used interchangeably macromolecule defines 
the molecules that form the polymer (Saçak, 2006; Chanda; Kumar and Gupta, 
2003). 
For example, polyethylene is a long-chain polymer and is represented by 
CH2CH2CH2 or [CH2CH2]n; where the structural (or repeat) unit is ─CH2─CH2─ and n 
represents the chain length of the polymer (Kumar and Gupta, 2003). 
Polymers are obtained through the chemical reaction of monomers such as 
polyethylene is formed from the monomer ethylene. In order to form polymers, 
monomers either have reactive functional groups or double (or triple) bonds whose 
reaction provides the necessary linkages between repeat units. Polymeric materials 
usually have high strength, possess a glass transition temperature, exhibit rubber 
elasticity, and have high viscosity as melts and solutions (Kumar and Gupta, 2003). 
They are light weighted and chemically inert materials. Polymers are mostly known 
as insulators. When the conductivity is needed, the metals were the first materials 
that come to mind about 35 years ago. Metals are highly conductive materials and 
have excellent mechanical properties. But when compared to polymers it is difficult 
to fabricate the metals. They also are heavier and more expensive than the 
polymers. Beside these the metals have the problem of corrosion. By the discovery 
of conducting polymers its is now possible to combine the conductivity property of 
metals with the properties of polymers such as easy fabrication, cheapness and 
being chemically inert in one material (Saçak, 2006) 
 4 
 
2.2 Conductive Polymers 
2.2.1 Definition and history 
The conducting polymers (also called synthetic metals) are polyconjugated, which 
possess electronic (conductive, magnetic, optical) properties of metals, while 
retaining the mechanical properties and processibility of conventional polymers. 
They acquire high conductivity due to incorporation of a small concentration of 
dopants into the matrix of the initial polyconjugated polymers having conductivity 
ranging from 10-10 to 10-5 S cm-1. The resulting materials have conductivities typical 
of metals or semiconductors, 10-5 to 105 S cm-1 (Vernitskaya and Efimov, 1997; 
Epstein, 1999). 
Inherently (or intrinsically), electrically conductive polymers (ICP’s) were discovered 
about thirty five years ago but it is only in the past ten or fifteen years that they have 
found widespread use in a variety of applications (Avloni, et al., 2007). The 
discovery in 1977 of the high conductivity of doped polyacetylene stimulated studies 
on the synthesis and study of various conjugated polymers (Vernitskaya and Efimov, 
1997).  
Shirakawa, Hegeer and MacDiarmid have indicated in 1977 in a scientific article that 
conductivity of the well known powder polyacetylene has been raised up to the value 
of 105 S/m by increasing 109 times when it oxidized by exposing to the fluorine and 
chlorine vapours. A polymer which has the equivalent conductivity value to the 
metals had been firstly synthesized in 1977 by this way. In the early 1980s 
conductive polymers became a new branch of industry. In recent years, conductive 
polymer based commercial products which can be used in different applications 
have begun to take place in the market (Saçak, 2010). The Nobel Prize in Chemistry 
2000 was awarded jointly to Alan J. Heeger, Alan G. MacDiarmid and Hideki 
Shirakawa "for the discovery and development of conductive polymers"(Wallace, et 
al., 2003). 
As a result, an entire class of polymeric conductors was developed. The common 
feature of the structure of conducting polymers is polyconjugation in the p-system of 
their backbone (for polyaniline, this holds only in the case of doped polymer) 
(Vernitskaya and Efimov, 1997). 
The conducting polymers attract attention of researchers and engineers from a 
variety of fields in science and technology as promising electrode materials for 
energy storage devices (electro-chemical batteries and capacitors), electrocatalysts 
and biosensors based thereon, photoluminescent and electroluminescent materials, 
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`artificial muscles', gas separating membranes, anticorrosive coatings, 
electromagnetic shields, materials for microlithography, electrophotography, etc. 
(Vernitskaya and Efimov, 1997). 
The typical change in the specific properties of the conductive polymers is 
summarized in Table 2.1 (Wallace, et al., 2003). 
Table 2.1 : Property change typically observed upon electrical simulation to switch 
conductive polymers between oxidized and reduced states 
Property Typical Change Potential Application 
Conductivity From 10-7 to 103 S / cm Electronic components, 
sensors 
Volume 3% Electromechanical 
actuators 
Colour 300 nm shift in absorbance band Displays, smart Windows 
Mechanical Ductile-brittle transition  
Ion permeability From 0 to 10
-8
 mol cm-2 s-1 in 
solution Membranes 
2.2.2 Types and mechanisms 
Today it is known that the polymers Polyacetylene (PAc), Polypyrrole (PPy), 
Polythiophene (PTh), Polyaniline (PAn), Poly(para-phenylene) (PPP), 
Poly(phenylene-vinylene) (PPV), Poly(thienylene-vinylene) (PTV), Poly(furylene-
vinylene) (PFV), Poly(phenylenesulfide) (PPS), Poly(phenylene ethylene) (PPE), 
Polyseleneophene, Polyfuran, Poly(N-substituted aniline)s, Poly(N-substituted 
pyrrole)s, Poly(diphenylenamine), Poly(indole), Poly(thieno[3,2-b]pyrrole), 
Poly(flourene) and Polypyridine are conductive and they are called organic metals 
(Wallace, et al., 2003). Polypyrrole and polyaniline have a special place in all of 
these conductive polymers (Saçak, 2006).  
2.2.2.1 Polypyrrole 
Polypyrroles are formed by the oxidation of pyrrole (Figure 2.1) or substituted 
pyrrole monomers. In most cases, these oxidations have been carried out by either 
electropolymerization at a conductive substrate (electrode) through the application 
of an external potential, or chemical polymerization in solution by the use of a 
chemical oxidant. Photochemically initiated and enzyme-catalyzed polymerization 
routes have also been described but are less developed. These various approaches 
produce polypyrrole materials with different forms — chemical oxidations generally 
produce powders, while electrochemical synthesis leads to films deposited on the 
working electrode and enzymatic polymerization gives aqueous dispersions. The 
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conducting polymer products also possess different chemical and electrical 
properties (Wallace, et al., 2003). 
   
Figure 2.1 : Pyrrole monomer 
Polypyrrole is considered one of the most environmentally stable conductive 
polymers (Kuhn, et al., 1993). 
Electrochemical synthesis 
Electrochemical polymerization provides a number of advantages over chemical 
methods. The first is that the reaction product is an electroactive film attached to the 
electrode surface and having high conductivity. Second is that the yield in charge 
terms is close to 100%; this provides a possibility of controlling the mass and 
thickness of the film. And finally, the properties of the film produced can be 
controlled directly in the course of preparation (Vernitskaya and Efimov, 1997). 
Polypyrrole can be formed by the oxidation of pyrrole at a suitable anode. Upon 
application of a positive potential, an insoluble conducting polymeric material is 
deposited at the anode. The polymerization reaction can be represented simply as: 
N N* *
A
nH H
n
OXIDATION
A
m
 (2.1) 
 (n = 3 - 4, m relates to the polymer chain length, which determines molecular 
weight) (Wallace, et al., 2003). 
In this representation, A– is a counterion necessary to balance the charge on the 
polymer backbone. The counterion content is high (can be greater than 50% w/w) 
and is usually incorporated between the polypyrrole planes, which are 
N 
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predominantly α-α bonded. In “ideal” polypyrrole (Figure 2.2), it is assumed that the 
pyrrole rings alternate facing and that the geometry is such that the counterion is 
intercalated between the planar polymer chains. In real materials, this idealized 
structure must be distorted somewhat since highly insoluble and highly crosslinked 
materials are formed (Wallace, et al., 2003).  
The PPy films are obtained in doped (conducting) form directly in the course of 
synthesis; they can be transferred to neutral (insulating) form by means of 
electrochemical reduction (Vernitskaya and Efimov, 1997). 
The simplistic polymerization process (Equation 2.1) and the idealized structure 
(Figure 2.2) both belie the complexity of this polymerization process. A greater 
understanding of this process has led to the development of innovative processing 
approaches in recent years.  
N
N
N
H
H
H A
* *
x
 
Figure 2.2 : The structure of PPy where A− is an anion (Vernitskaya and Efimov, 
1997). 
The electrochemical conditions, the electrode material, the solvent, the counterion 
and the monomer all influence the nature of the processes occurring. For example, if 
the applied potential is too low (under certain conditions) the rate of polymerization 
will be such that no precipitate eventuates. If the solvent is nucleophilic (or contains 
dissolved oxygen) it will react with the free radical intermediates. If the electrode 
material is extremely polar, at the potential required for polymerization, deposition 
may be discouraged (Wallace, et al., 2003). 
The working electrode for electrosynthesis of conducting polymers is usually made 
of corrosion-resistant materials that are stable at high anodic potential, namely Pt, 
Au, Pd, Rh, Ir, conducting In2O3 − SnO2 glasses, carbonaceous materials (graphite, 
vitreous carbon). Syntheses of conducting polymers on Al, Ta, Fe, Cu, Ti, Ni, Cr, 
Nb, stainless steel were reported. It was found that the nature of metal substrate 
virtually does not affect the kinetics of PPy synthesis. Ta, Ti, Nb, and Al are 
exceptional; their behaviour is substantially affected by the oxide layer between a 
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metal and PPy. The PPy film was reported to act as a protective coating on a Ta 
substrate. Such semiconducting materials as Ge, GaAs, CdS, CdSe, and doped 
TiO2 were also used as electrodes; for these materials EP occurs under additional 
illumination (Vernitskaya and Efimov, 1997). 
Electropolymerization of pyrrole can be performed in various regimes, in particular, 
potentiostatic, galvanostatic, potentiodynamic and pulsed one. The mechanical 
properties of the films, their morphology and electrochemical behaviour depend on 
the conditions of preparation, including the nature of solvent, pH of the electrolyte, 
the purity and concentration of the initial monomer, and the nature and 
concentration of electrolytic salt (Vernitskaya and Efimov, 1997). 
Solvent, monomer, counterion and substrate interactions dictate the solubility and/or 
deposition of the resultant polymer are the parameters which control the rate of 
polymerization and control the structure of the polymer and these are all important. 
All the parameters mentioned above play a role in determining the overall rate of 
reaction (Wallace, et al., 2003).  
Step 1. Monomer Oxidation 
X XOxidation
A
A
 (2.2) 
Resonance forms: 
X
A
X
A
X
A
 (2.3) 
Step 2. Radical-Radical Coupling 
X
A
X
A
X
X
H
H
 (2.4) 
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Step 3. Deprotonation/Re-Aromatization 
X
X
H
H
X
X
(dimer)-2H
 (2.5) 
Step 4. Chain Propagation 
X
X
Oxidation X
X
X
X
n
X
X
X
X
+   2H
(2.6) 
For the formation of polypyrroles with extended π-conjugation and high electrical 
conductivity, it is necessary to have only 2,5′ -couplings, through the preferential 
linking of radical cations as depicted in Equation 2.2 to Equation 2.6. Unfortunately, 
2,3′ - and 2,4′ -couplings also occur leading to structural defects (branching) in the 
resultant polymers. This results in diminished supramolecular order and lower 
electrical conductivity, as well as decreased crystallinity and the impairment of other 
properties (Wallace, et al., 2003). 
 
Figure 2.3 : Polypyrrole chain structure showing α─α and α─β couplings leading to 
chain branching and crosslinking 
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Chemical synthesis 
The number of experimental variables available with chemical polymerization is 
greatly reduced because no electrochemical cell or electrodes are employed. The 
range of dopant counterions (A−) that can be incorporated into the polypyrrole 
backbone during polymerization has also, until recently, been generally limited to 
ions associated with the oxidant. However, chemical polymerization remains of 
interest for processing purposes, first, because it may be easier to scale up this 
batch process, and second, it results in the formation of powders or colloidal 
dispersions. Furthermore, it is possible to use chemical deposition to coat other 
nonconducting materials (Wallace, et al., 2003). 
Pyrrole polymerizations have a significant advantage in terms of flexibility over 
polyaniline syntheses in that they can be carried out in neutral aqueous solution 
(i.e., no acid is required). A range of organic solvents can also be employed, the 
limitation being the requirement to dissolve both the pyrrole monomer and the 
oxidant (Wallace, et al., 2003). 
Mechanism of chemical polymerization 
Chemical synthesis of PPy has a long history. Polypyrrole prepared by oxidation of 
the monomer with chemical oxidants has a form of black powder (Vernitskaya and 
Efimov, 1997). It is usually assumed that the mechanism of chemical polymerization 
is similar to that described above in electropolymerization (Equation 2.2 – Equation 
2.6). It is difficult to duplicate the products of electropolymerization using a chemical 
oxidant. Polymers obtained with both techniques are similar in chemical composition 
but differ markedly with respect to polymer morphology (Wallace, et al., 2003). 
Influence of polymerization conditions 
The yield and conductivity of the PPy produced are affected by a variety of factors, 
among which are the choice of solvent and oxidant, initial pyrrole/oxidant ratio, 
duration and temperature of the reaction (Vernitskaya and Efimov, 1997). 
The oxidant: The most widely used chemical oxidants have been ammonium 
persulfate [(NH4)2S2O8] and FeCl3, although hydrogen peroxide and a range of 
transition metal salts (e.g., of Fe3+, Ce4+, Cu2+, Cr6+, Mn7+) have also been 
employed. The use of H2O2 (with Fe3+ catalyst) is attractive environmentally, as the 
only by-product is water. For the metal-based oxidants IR spectroscopy confirmed 
that similar polypyrrole backbones were formed in each case (Wallace, et al., 2003). 
Aqueous or anhydrous FeCl3, other salts of iron(III) and copper(II) are widely used 
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as chemical oxidants. Halogens and organic electron acceptors have also been 
used as oxidants for PPy synthesis (Vernitskaya and Efimov, 1997). 
X-Ray photoelectron spectroscopy (XPS) revealed that chlorine atoms in the 
polymer are in three chemical states, namely, ionic, covalently bonded and an 
intermediate one; the latter is similar to the chloride anions in metal chlorides 
(including FeCl3 and FeCl2). (Vernitskaya and Efimov, 1997). 
For one-electron oxidants such as FeCl3, a range of [oxidant]/[pyrrole] molar ratio of 
2.0 to 2.4 is usually employed (Hakansson, et al., 2006, Wallace, et al., 2003, 
Vernitskaya and Efimov, 1997, Ayas, et al., 2009, Zhang, et al., 2006, Kuhn and 
Child, 1998). At the optimal ratio of Fe(III)/monomer which is 2.4, the yield of PPy 
approaches 100% (Vernitskaya and Efimov, 1997). Two electrons are required for 
the oxidation of each pyrrole unit, with the remaining 0.3 electrons being used for 
approximately 30% oxidative doping of the neutral PPy product into its conducting 
form which carries a positive charge on about every third pyrrole unit (Wallace, et 
al., 2003). 
However, with respect to polymer conductivity, Miyata and co-workers have shown 
that control of the redox potential in solution by adjusting the concentration of the 
redox couple can be used to advantage. The use of binary systems (mixtures of two 
different oxidants) has also proven useful in this regard (Wallace, et al., 2003)  
If the oxidizing strength is too high, the rate of polymerization is too fast, resulting in 
an aggregated, low-conductivity material (Wallace, et al., 2003). 
The solvent: Solvent effects have also been reported for the polymerization of 
pyrrole using FeCl3 as oxidant. The conductivities of the polypyrrole products 
prepared in water and alcohols ranging from MeOH to octanol were considerably 
higher than for the polymers prepared under the same conditions in acetonitrile, 
THF, chloroform and benzene (Wallace, et al., 2003). 
Organic electron acceptors such as 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) 
and chloranil had also been used. A solvent effect was observed when 
polymerization was carried out in DDQ, polypyrrole with the highest conductivity was 
produced (still only 7 × 10–2 S cm–1). Polymerization in acetonitrile gave the lowest 
conductivity, and in water it was slightly better. A similar solvent dependence was 
observed for chloranil oxidations (Wallace, et al., 2003). 
For PPy prepared by monomer oxidation with FeCl3 in various solvents (water, 
alcohols, benzene, tetrahydrofuran, chloroform, acetone, acetonitrile (AN), 
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dimethylformamide), the highest conductivity was observed for PPy prepared in 
methanol solution (190 S cm-1) (Vernitskaya and Efimov, 1997). 
Controlled variation of the oxidising potential of the reaction medium (it was changed 
through the ratio of FeCl3 to FeCl2 and also using a binary AN/methanol solvent), 
provided a possibility to enhance conductivity of PPy to 220 S cm-1 in the former 
case and to 328 S cm-1 in the latter (Vernitskaya and Efimov, 1997). 
Kuhn et al. stated that in their study a relatively high ratio of water to textiles which 
varies from 5:1 to 50:1 was used because the wet processing of textiles requires 
much higher dilutions contrary to many chemical reactions of pyrrole (Kuhn, et al., 
1993). 
Polymerization temperature: The most of chemical polymerizations of pyrrole have 
been carried out between 0°C and room temperature. In one of the few systematic 
studies of the influence of temperature, the polymerization with FeCl3 in MeOH 
solvent over the range -20°C to 60°C had been examined. Maximum conductivity 
had been observed for the polypyrrole product synthesized at 0°C (Wallace, et al., 
2003). 
Shorter times of polymerization and lower temperatures (0 to 5°C) result in 
enhanced conductivity of PPy produced (Vernitskaya and Efimov, 1997; Zhang, et 
al., 2006). 
Nature of the dopant counterion (A–): The doping is performed by means of 
chemical or electro-chemical oxidation (p-doping) or reduction (n-doping) of a 
polymer. As a result, the polymeric chains acquire positive or negative charges, 
respectively. Electroneutrality of the material as a whole is preserved by 
incorporation of dopants (counterions) from electrolyte solution into the polymeric 
matrix. The doping is reversible; as a result of dedoping (removal of dopant), the 
initial polymer can be obtained with its polymeric structure intact. Regulation of the 
level of doping provides a possibility to prepare polymers with widely varied electric 
conductivity, from insulating or semiconducting forms of the polymer in the undoped 
state to highly conductive ones in the strongly doped state (Vernitskaya and Efimov, 
1997). 
The dopant anions (A–) incorporated into conducting polypyrroles are positioned 
interstitially between the polymer chains and, as discussed above for 
electropolymerization, their nature consequentially influences both the 
polymerization process and the properties of the resultant polymers. In initial 
chemical polymerization studies, the incorporated anions were limited to those 
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arising from the oxidant employed, e.g., FeCl3 and (NH4)2S2O8 oxidants provided Cl– 
and HSO4 –/SO4 2– counterions, respectively. These could, in many cases, be 
subsequently replaced by a range of other anions through either ion exchange or 
redox cycling (Wallace, et al., 2003). 
More recently, it has been found that anions such as polyelectrolytes and surfactant-
like anions, e.g., dodecylbenzenesulfonate (DBS), p-toluenesulfonic acid (pTSA), 
Anthraquinone-2-sulfonic acid (AQSA), Sodium perchlorate (NaClO4), 2,6-
nafthalenedisulfonic acid disodium salt (NDS) can be inserted directly into 
polypyrrole products during polymerization in competition with anions arising from 
the oxidant (Wallace, et al., 2003; Kuhn and Child, 1998; Hakansson, et al., 2006; 
Hurren, et al., 2007; Vernitskaya and Efimov, 1997; Li, et al., 2005; Varesano, et al., 
2005; Ramelow, et al., 2001). 
Routes to more processible polypyrroles 
Both chemically and electrochemically synthesized polypyrroles are typically 
insoluble in water and organic solvents and, are infusible due to strong 
intermolecular and intramolecular interactions of their polymer chains. Over the past 
decade, research to overcome this serious hindrance to their processibility and 
subsequent utilization has been intense. Several approaches have now been 
developed to improve the solubility of polypyrroles, namely (Wallace, et al., 2003): 
1. Counterion-induced solubilization  
2. Colloid formation 
3. Side chain-induced solubilization 
Direct evidence of chemical crosslinking in polypyrrole is rare, but N NMR studies 
have shown evidence of both α−α and α−β linkages. In more recent times, 
theoretical methods have been used to estimate the probability of branched 
structures forming during polymerization of pyrrole. These simulations give a degree 
of branching in the order of 20% for room temperature polymerization and show a 
slight dependency of branching on polymerization temperature (increasing with 
increasing temperature). These estimates agree well with recent XPS studies of 
PPy/PF6 and PPy/DBSA that show the degree of branching/crosslinking as 33% and 
22%, respectively. The branched and crosslinked structures are shown in Figure 2.3 
(Wallace, et al., 2003). 
Further studies on other dopants revealed that anisotropy was mainly observed 
when planar dopants were used. In such cases, the planar dopant is regarded as a 
template for ordering the polymer chains. In contrast, nonplanar dopants, such as 
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ClO4–, BF4− and SO42–, produce films that appear isotropic in x-ray diffraction 
studies. The degree of anisotropy was found to increase with lower polymerization 
temperature, high anodic polymerization potentials, high dopant–monomer molar 
ratios in the polymerization electrolyte and mechanical stretching. In all cases, the 
conditions that favour an increase in molecular anisotropy also favour an increase in 
electrical conductivity, suggesting that the anisotropy is due to molecular 
orientation’s favouring an increase in conjugation length (Wallace, et al., 2003).  
Polymerization conditions that favour higher conductivity (low temperatures and low 
current densities) also produce a higher degree of crystallinity (up to 37%) and a 
larger crystallite domain length (up to 2.6 nm or ~ 8 pyrrole rings). Although 
molecular anisotropy has been noted in several PPy films, the overall degree of 
crystallinity is very low in these materials. The polymer first formed on the electrode 
surface may have a high degree of order but does not extend into the bulk structure 
of thick films (Wallace, et al., 2003).  
Properties of Polypyrroles 
To function as intelligent materials, conducting polymers must possess appropriate 
chemical properties that change in response to stimuli, as well as appropriate 
electrical properties that allow information to be transported within the structure and 
switches to be actuated. The mechanical properties must also be considered. 
Beside the ideal chemical and electrical properties, mechanical properties must be 
appropriate. To fully optimize the material properties, the relationships between the 
structure and the properties must be thoroughly understood (Wallace, et al., 2003).  
Electrical properties — conductivity 
The electrical properties of intelligent materials are important because they 
determine (Wallace, et al., 2003):  
• The ability to transport information from one part of the structure to another  
• The ability to store information 
• The ability to trigger responses 
• The ability to convert and store energy 
Electrical conductivity in PPy involves movement of positively charged carriers or 
electrons along polymer chains and hopping of these carriers between chains. It is 
generally believed that the intrachain hopping resistance is much greater than the 
interchain transport resistance (Wallace, et al., 2003). 
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The resistance along the surface of the film is known to be less than across the film. 
However, this anisotropy is lost with thicker films. At a more microscopic level, the 
variation of the bulk conductivity observed as a function of temperature is best 
explained using a model consisting of highly conducting islands in a sea of 
amorphous less-conducting material (Figure 2.4) (Wallace, et al., 2003) 
 
Figure 2.4 : Highly conducting islands of polymer in a sea of amorphous less-
conducting polymer 
Conductivity within conducting electroactive polymers (CEPs) is a complex issue. A 
polymer that can exhibit conductivity across a range of some 15 orders of magnitude 
most likely utilizes different mechanisms under different conditions. In addition to the 
electronic conductivity exhibited by CEPs, they possess ionic conductivity due to the 
solvent/electrolyte incorporated during synthesis. Despite this enhanced stability, 
other workers have shown that PPy/DS has higher conductivity when grown from 
CH3CN rather than water. It has been demonstrated that a more isolated cauliflower 
structure was observed for polymers grown from water due to hydrophobic effects. 
Such unevenness decreases conductivity. The rate of growth and polymer 
conductivity has been affected by water even if it exists in small amounts (Wallace, 
et al., 2003).  
The counterion incorporated has a dramatic effect on the conductivity of the 
polymer. For a given counterion, the concentration employed also affects the 
conductivity of the resultant polymer. Counterion exchange after synthesis has an 
effect on the polymer conductivity. Conductivity decreases as the electron affinity of 
the counterion is increased. The degree of oxidation of the polymer does not vary 
appreciably as the counterion is varied. The trend in conductivity is related to the 
nucleophilicity of the counterion employed; this may be due to some sort of anion-
induced localization of the radical cation in the polymer (Wallace, et al., 2003). 
The addition of functional groups to the pyrrole monomer influences the electronic 
properties of the resultant polymer. Steric effects introduced by bulky functional 
groups, for example, decrease the conductivity, particularly when present as N-
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substituents. The presence of substituents on the 3-position of the pyrrole ring has 
less effect, but still results in a decrease in conductivity (Table 2.2) (Wallace, et al., 
2003). 
Table 2.2 : Effect of substituents on conductivity of PPys 
Typical Conductivity Range (Scm-1) 
Monomer Dopant 
 
N
H
 
pTSA 90-110 
N
H
CH3 COOH
 
pTSA 2 
2.2.2.2 Polyaniline 
As with polypyrrole (PPy), the electrical, chemical and mechanical properties of 
polyaniline are inextricably linked. In addition, polyaniline has spectacular optical 
and chromic properties that distinguish it from other conductive electroactive 
polymers (CEPs) (Wallace, et al., 2003).  
In the last two decades, polyaniline has attracted extensive attentions from scientists 
and engineers. Several investigators have described the preparation and properties 
of polyaniline (Nouri and Gholipour, 2006). Polyaniline has an electronic conduction 
mechanism that seems to be unique among conducting polymers, because is doped 
by protonation as well as undergoing the p-type doping described PPy. Polyaniline 
can exist in a range oxidation states (Wallace, et al., 2003). The base form of 
polyaniline has the composition as in Figure 2.5 (Nouri and Gholipour, 2006) 
N
H
N
H
N N*
n
*
m
x
 
Figure 2.5 : Structure of Polyaniline 
In this structure x is the degree of polymerization and the sum of n and m is equals 
to one. Here m determines the average oxidation state. Oxidation state m can be 
varied continuously from zero, to give completely reduced form called “emeraldine”, 
to one to give the completely oxidized polymer called “pernigeraniline”. The 
conductivity and colour of polyaniline depend on the condition of preparation and the 
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form of polyaniline, which is associated with the emeraldine oxidation state (Nouri 
and Gholipour, 2006).  
The toxicological problems can be associated with the industrial handling of aniline 
and polyaniline (Kuhn, et al., 1993). Therefore, the study has been focused on 
polypyrrole in this thesis. 
2.2.3 Applications 
Conducting polymers have applications in the fields of electroluminescence, 
microelectronics, textiles, sensors and electromagnetic shielding. The nature of 
conducting polymers makes them not only conductive but also electroactive. 
Conductivity becomes useful in applications such as antistatic materials, heat 
generation and electromagnetic shielding, whereas electroactivity is utilized in 
applications such as electrical displays, light emission devices (LED), actuators and 
biosensors.(Hakansson, et al., 2006) 
The main limitations for the use of chemically or electrochemically produced 
conducting polymers in commercial applications are poor mechanical properties and 
lack of processability. By polymerizing directly onto textiles, a thin, homogeneous 
coating of conducting polymer is formed on the surface of the textile. This enables 
combination of a wide range of structural and mechanical properties of textiles with 
the electrical properties of the conducting polymers, providing infinite possibilities in 
the design of conductive composites. The thickness of a conducting polymer film 
formed during chemical synthesis is dependent on the synthesis time and reactant 
concentrations and is in the submicron range.(Hakansson, et al., 2006) 
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3 CONDUCTIVE TEXTILES 
The above chemical polymerization routes usually precipitate the conducting 
polypyrroles as black powders. However, it has been found that polypyrroles can 
also be deposited as films on the surfaces of insulating substrates by immersing the 
substrates in the polymerization solution. Careful control of the polymerization 
conditions can maximize film deposition rather than bulk precipitation. In situ 
chemical deposition has now become established as a simple and cost effective 
method for the deposition of thin films of polypyrrole on a wide range of substrate 
materials, such as glass, plastics and fabric (Wallace, et al., 2003).  
In related studies about deposition on glass or plastics, (NH4)2S2O8 were being used 
as oxidant, they found that the in situ deposition of polypyrrole films occurs more 
readily on hydrophobic surfaces, such as Si/SiO2 and glass pre-treated with 
octadecylsiloxane, than on related hydrophilic surfaces. They exploited these 
different deposition rates to produce patterned microstructures of conducting 
polypyrroles by a microcontact “stamp” printing technique. Polypyrrole features as 
small as 2 µm could thereby be produced (Wallace, et al., 2003). 
Polypyrrole can be similarly coated on low-density polyethylene (LDPE), while 
grafting of the LPDE surface with acrylic acid enhances film growth and adhesion. 
The in situ oxidation of pyrrole by Fe(III) can also be used to deposit polypyrrole 
films on polystyrene substrates. In a variation of this method, polyimide films 
exhaustively soaked in pyrrole (with up to 14% monomer uptake) have been coated 
with polypyrrole via oxidation with FeCl3 in acetonitrile solvent. The resultant 
material shows electrical conductivity of approximately 4 × 10–2 S cm–1 (Wallace, et 
al., 2003). 
A wide variety of textile substrates have been successfully coated with conducting 
polypyrroles through in situ chemical polymerization. These include nylon fabrics, 
where H-bonding between carboxyl groups on the nylon backbone and pyrrole 
monomers is believed to lead to a more ordered polypyrrole product. Vapour-phase 
in situ deposition has also been employed, for example, by passing pyrrole vapour 
over cotton thread coated with the oxidant FeCl3. Typically, the surface resistance of 
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such conducting polymer-coated fabrics decreases with greater polymer deposition 
(Wallace, et al., 2003). 
3.1 Definition and History 
Textiles are among the oldest materials known to humankind. By the development 
of composite structures made from cotton fabric and phenolic resins in the early 
1900s, the importance of textile-reinforced materials has grown. Today textiles play 
a crucial role in many engineering materials including polymers, ceramics, and 
metals. With the rapid development of the electrical and particularly the electronics 
industry, a need arose for flexible conducting and semiconducting materials (Kuhn 
and Child, 1998). The main limitations for the use of chemically or electrochemically 
produced conducting polymers in commercial applications are poor mechanical 
properties and lack of processability (Hakansson, et al., 2006). Another route to 
conductive textiles involves the coating of textiles with metals. Conducting polymers 
offer an interesting alternative to metals (Kuhn and Child, 1998). By polymerizing 
directly onto textiles, a thin, homogeneous coating of conducting polymer is formed 
on the surface of the textile. This enables combination of a wide range of structural 
and mechanical properties of textiles with the electrical properties of the conducting 
polymers, providing infinite possibilities in the design of conductive composites. The 
thickness of a conducting polymer film formed during chemical synthesis is 
dependent on the synthesis time and reactant concentrations and is in the 
submicron range (Hakansson, et al., 2006). By coating thin layers of conducting 
polymers onto substrates, such as textiles, many of the processing problems 
associated with pure conducting polymers have been overcome. For instance, if a 
fabric was coated with a conducting polymer, one a strong, flexible, sometimes 
stretchy, fully “fabricatable” conductive material has been obtained. The thin 
coatings do not change the mechanicals of the base fabrics.(Avloni, et al., 2007; 
Kuhn and Child, 1998)  
It is interesting that the bulk of the literature on conductive textiles concerns the use 
of polypyrrole. This is most likely due to the unique ability of the polymerizing 
species to adsorb onto hydrophobic surfaces and form uniform coherent films (Kuhn 
and Child, 1998). The chemical synthesis of polypyrrole has been carried out by the 
oxidation with the oxidants such as iron (III) chloride (Saçak, 2006) (Saville, et al., 
2005). The resulting polymer in its oxidized form is conducting with charge 
compensation afforded by FeCl4-. The conductivity of polypyrroles formed from 
different ferric salts (effect of dopant ion) has been related to the Fe2+/Fe3+ redox 
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potential with strong acid anions providing the most oxidizing ferric species. Weaker 
acid anions typically coordinate Fe3+ ions more strongly, reducing its oxidizing 
potential (Saville, et al., 2005).  
Due to the very thin films of polypyrrole on textiles, environmental stability is 
naturally of utmost importance for a viable commercial product. It has been found 
that a great dependence of the conductivity and stability of these polypyrrole coated 
textiles on the doping agents used. As is the case with other conductive polymers, 
the degree of doping may also play a significant role in the conductivity and stability 
obtained in such products (Kuhn, et al., 1993). 
3.2 Methods of Deposition 
3.2.1 In-situ polymerization of conductive polymer on the textile substrate 
When pyrrole is chemically polymerized, particularly from aqueous solutions, many 
researchers have observed the formation of films on either the liquid/air or the 
liquid/solid interface. This spontaneous molecular assembly has been used to 
polymerize conductive polymers on the surface of numerous materials, including 
membranes, and has been successfully applied to textiles. Considering industrial 
applications, it is fortunate that this in situ adsorption and polymerization proceeds 
especially well from aqueous solutions (Kuhn and Child, 1998). 
It is known that the polymerization of pyrrole and aniline proceeds through the 
formation of radical cations that couple to form oligomers, which are further oxidized 
to form additional radical cations. These oligomers have been isolated in the 
electropolymerization of pyrrole. The polymerization on the surface of textiles must 
proceed through one of these oligomeric intermediates, as neither the monomer nor 
the oxidizing agent adsorbs to the fabric. In addition, the oxidation of the monomer 
must be sufficiently slow to obtain uniform adsorption. The polymerization rate can 
be controlled by the monomer and oxidant concentrations, the reaction temperature, 
or the addition of an Fe(III) complexing agent. Ideal monomer concentrations for 
such reactions are 1-2 g/L. Under these conditions the polymerization occurs solely 
on the surface of the fibre and no polymer is observed in the liquid phase (Kuhn and 
Child, 1998). 
The simplest approach to producing conductive textiles involves the application of 
conductive polymers from solutions. Highly conductive polymers like polythiophene, 
polypyrrole, and polyaniline are, for most practical purposes, insoluble in solvents 
suitable for application to textiles. Although soluble derivatives of some conducting 
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polymers are available, several factors preclude their commercial introduction. First, 
the organic solvents needed are often not compatible with textile substrates, and 
many of these derivatives are soluble only in their undoped or insulating form. In 
addition, for cost reasons, industrial polymerizations must proceed from 
commercially available monomers. Finally, new environmental regulations have 
driven industry away from solvent-based coating processes (Kuhn and Child, 1998). 
3.2.2 Two-step polymerization conductive polymer on the textile substrate 
While in situ polymerizations are normally conducted in aqueous media, a two-step 
process can be accomplished using a variety of solvents. The choice of solvent may 
have a profound influence on the properties of the resulting composite structures. 
The major advantage of a two-step process is its potential adaptation to a 
continuous process that is highly desirable for industrial applications. It is, however, 
more difficult to control and may not produce the ordered structures obtainable by 
an in situ template polymerization (Kuhn and Child, 1998). 
3.2.2.1 Effect of wetting agent 
Wetting agent, also called surfactant or surface-active agent, is a chemical 
substance that, when added to a liquid, reduces its surface tension (the tendency of 
its molecules to adhere to each other), thereby increasing its spreading and wetting 
properties. In the dyeing of textiles, surfactants help the dye penetrate the fabric 
evenly. They are used to disperse aqueous suspensions of insoluble dyes and 
perfumes. The surface-active molecule must be partly hydrophilic (water-soluble) 
and partly lipophilic (soluble in lipids, or oils). It concentrates at the interfaces 
between bodies or droplets of water and those of oil, or lipids, to act as an 
emulsifying agent, or foaming agent (Encyclopedia Britannica, Inc.) 
The polypyrrole in the form of various nanostructures was synthesized by the 
solution chemistry method. The effects of wetting agent have been discussed in the 
ref. (Zhang, et al., 2006). In the mentioned study, pyrrole monomers with a definite 
volume had been added into a quantitative cationic (CTAB, DTAB, OTAB), anionic 
(SDS), or nonionic surfactant (Oπ-10) aqueous solution, respectively. Then an 
oxidizing agent (either APS or FeCl3) aqueous solution had been added into the 
above mixture to initiate the polymerization. When using APS as oxidizing agent, the 
monomer and the oxidizing agent had been kept equal (1:1); however, when FeCl3 
had been used as the oxidizing agent, the mole ratio of monomer to oxidizing agent 
had been kept at 1:2. All solutions had been precooled to 0-5 °C, and the 
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polymerization in the final mixture had gone on at 0-5 °C for 24 h. After reaction, the 
precipitates had been filtrated and washed with deionized water and ethanol 
alternately at least 3 times, then had left to dry, resulting in a black powder (Figure 
3.1) (Zhang, et al., 2006). 
 
Figure 3.1 : SEM images of polypyrrole nanostructures with different morphologies 
SEM images of polypyrrole nanostructures with different morphologies obtained by 
the different synthetic conditions have been shown in Figure 3.1. The images (a) is 
sphere-like polypyrrole by using CTAB surfactant and FeCl3 oxidizing agent; (b) is 
ribbon-like polypyrrole by using CTAB surfactant and APS oxidizing agent; (c) is no 
polypyrrole nanostructures were obtained by using SDS surfactant and APS 
oxidizing agent; and (d) is sphere-like polypyrrole by using poly(ethylene glycol) 
mono-p-nonylphenyl ether (Opi-10) surfactant and APS oxidizing agent (Zhang, et 
al., 2006). 
The morphologies of the resulting polypyrrole obtained in the synthetic conditions of 
different surfactants and oxidizing agents has been indicated in Table 3.1 (Zhang, et 
al., 2006). 
Table 3.1 : The Morphologies of the Resulting Polypyrrole Obtained in the 
Synthetic Conditions of Different Surfactants and Oxidizing Agents 
Polypyrrole 
nanostructures 
Surfactants 
CTAB DTAB OTAB Opi-10 SDS 
oxidizing agents 
APS 
FeCl3 
    
no geometrical 
nanofeature 
ribbon-like or wire-like sphere-like 
sphere-like 
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3.2.3 Vapour deposition 
Textiles coated with evaporated metals in combination with conducting polypyrrole 
were reported in the literature to yield high shielding effectiveness. Subjecting a 
fabric substrate to metal vapour forms a thin layer of metal on the substrate, which 
inherently possesses a high shielding effectiveness. The disadvantage with this 
technique is that the metallic coating has poor abrasion resistance. Conducting 
polymer coatings generally have better abrasion resistance than metal coatings 
(Hakansson, et al., 2006). 
Poly(3,4-ethylenedioxythiophene) and poly(vinyl pyrrolidone) on polyester textile 
substrates showed high conductivity and hence a high reflection level. When 
polypyrrole applied onto a polyester substrate by electrochemical method high 
reflection as well as absorption levels up to 35% in a frequency range of 50 MHz to 
2 GHz had been achieved. It had been achieved -3 to -11 dB total shielding 
effectiveness in the range 8–12 GHz using polypyrrole and polyaniline applied onto 
polyester, glass and silica fabrics by vapour phase polymerization. It was also 
reported a shielding effectiveness of -35 dB in a silica cloth at 101 GHz using a 
phase-log oscillator measurement technique. The use of polypyrrole loaded paper 
and polyester composites in Salisbury screens, which were subjected to variable 
angle incident electromagnetic radiation and measured with a free space reflectivity 
arch in the gigahertz range were reported (Hakansson, et al., 2006) 
The conductivity and stability of PPy powder produced by means of chemical 
oxidation were substantially improved. However, formation of PPy films or coatings 
on another material remained problematic. This problem was partially solved by PPy 
deposition from gas with FeCl3 used as an oxidant. This method provided a 
possibility of producing free film or PPy coatings having high mechanical properties 
on substrates of any shape (Vernitskaya and Efimov, 1997). 
3.2.4 General properties of conductive textiles 
Being able to choose the starting fabric construction for certain properties (e.g., 
strength, porosity, stretch, thickness, etc.) and subsequently control the end surface 
resistivity with customized conductive polymer coatings allows one to prepare 
fabrics that possess a broad range of properties. This makes them suitable for a 
variety of applications. As noted, surface resistivities between 10 ohm/sq and 10 
billion ohm/sq are readily achievable, and resistance gradients that cover a large 
portion of this range have been made (Avloni, et al., 2007). 
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A new processing technology allows making all immersion of the base substrates in 
aqueous solutions. One of the main advantages of the present technology is that the 
conductive polymer coatings can be applied onto almost any surface in almost any 
form. The most common materials that have been coated with conducting polymers 
are textiles of polyester, nylon, glass, and polyurethanes. In addition, quartz, 
aramids, acrylics, and polyimides are readily coated. With a surface pre-treatment, 
even low-surface energy materials, such as polyolefins, fluoropolymers, and 
silicones, can be made conductive on the surface with good coating adhesion. 
Another major advantage of this coating technology is that it results in uniform, 
coherent, nonparticulate coatings that afford a very wide range of surface 
resistivities. Depending on the particular substrate, surface resistivities from about 
10 ohm/sq up to 10 billion ohm/sq can be obtained. A good overview describing the 
basic technology of in situ deposition of conducting polymers onto fabrics is given by 
Kuhn and Child, in chapter 35 of the “Handbook of Conducting Polymers, 2nd 
edition (Avloni, et al., 2007; Kuhn and Child, 1998). 
3.2.5 Electrical properties 
The electrical properties of conducting textiles depend on the mass of the substrate, 
the diameter of the individual textile fibres, the thickness of the adsorbed layer, and 
the intrinsic volume conductivity of the conducting polymer. Since the coating is 
much thinner than the substrate material, the resistance is normally expressed as a 
sheet resistance in ohms per square rather than a volume resistivity or conductivity. 
The resistance of conducting textiles can be measured using a four-probe technique 
as in measurements of conducting films or pressed pellets (Kuhn and Child, 1998). 
3.2.5.1 Conductivity 
The electrical properties of fabrics (Figure 3.2) are measured by the surface  or 
sheet resistance and expressed in ohms/square (Ω/sq). Volume resistance or 
volume conductance of the composite structure may be determined. However, 
textiles, like foams, may contain large amounts of air and tis affects the results 
(Kuhn and Child, 1998). 
As shown in Figure 3.2, conductive textile composites based on polypyrrole or 
polyaniline result in structures showing surface resistances of 10-103 Ω/sq. This falls 
in between metalized fabrics with a surface resistance that is usually below 1 Ω/sq 
and carbon-based blends with surface resistances that is above the value 103 Ω/sq. 
These textile composites have a considerable advantage over metal-coated fabrics 
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because of their excellent adhesion and noncorrosive character (Kuhn and Child, 
1998). 
 
Figure 3.2 : Surface resistance (Ω/sq) of various textile products. 
Surface resistivity is a property of a material. Theoretically it should remain constant 
regardless of the method and configuration of the electrodes used for the surface 
resistivity measurement. A result of the surface resistance measurement depends 
on both the material and the geometry of the electrodes used in the measurement. 
The surface resistivity unit can be often used as Ohm/square (Ω/sq.) in order not to 
mix up the surface resistance and surface resistivity. (Maryniak, et al., 2003).  
According to the EN 1149-1 standard the surface resistivity has been calculated by 
the following formula (Dansk Standard, 2006)(Keithley Instruments Inc., 1996) 
ρ  =   ×           (3.1) 
ρ: calculated surface resistivity (Ω) 
R: measured resistance (Ω) 
k: geometrical factor of the electrode and equals to 53,4 for the electrode used 
(Keithley Instruments Inc., 1996). 
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It is well known that the surface resistivity is the reciprocal of surface conductivity 
(Gutiérrez, et al., 2002). Thus; 
 = ρ          (3.2) 
Volume resistance is the ratio of the dc voltage applied to two electrodes (on or in a 
specimen) to the current in the volume of the specimen between the electrodes. 
Volume resistivity is the volume resistance multiplied by that ratio of specimen 
volume dimensions (cross-sectional area of the specimen between the electrodes 
divided by the distance between electrodes) which transforms the measured 
resistance to that resistance obtained if the electrodes had formed the opposite 
sides of a unit cube. Volume resistivity is usually expressed in ohm-centimetres 
(preferred) or in ohm-metres.(American Society for Testing and Materials, 2007).  
The conductivity of the specimens had been calculated by the following formula 
(Sezer, et al., 1999); 
 	 
 =  

  ×  

π ×
        (3.3) 
 =  ×          (3.4) 

 =

          (3.5) 
 	 
 =  


 ×  π ×        (3.6) 
ln2/pi is equal to 0.2206356 and when substituted in the formula above: 
 	 
 =  
.
×
        (3.7) 
Where, σ is the conductivity in S/cm, V is the voltage in Volts, I is the current in 
Ampere, Rv is the volume resistance and dn is the thickness of the specimen in cm. 
3.2.5.2 Capacitance 
Electrolytic capacitors have been widely used in various circuits as one of the key 
electronic components. There are two electrolytic capacitors: aluminium capacitors 
and tantalum capacitors. Aluminium capacitors are the most common capacitors 
today because of their low cost. In the last two decades, portable electronic 
equipment has been miniaturized and its energy consumption has been lowered 
remarkably (Kobayashi, et al., 1999). This requires lower equivalent series 
resistances (ESR) capacitors in the line (Merker, et al.; Kobayashi, et al., 1999). The 
new tantalum capacitors, which use PPy as their electrolyte, have been developed. 
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Because of much higher electrical conductivity than that of MnO2, which is used in 
conventional tantalum capacitors, PPy provides lower ESR to these new capacitors 
(Kobayashi, et al., 1999). The capacitance value for conducting polymers has been 
given 15 µF in Table 3.2 (Merker, et al.). 
Table 3.2 : Electrical properties of capacitors made by a polymer dispersion and 
by in-situ polymerizations 
 
Conducting 
Polymer 
Dispersion 
In-situ 
Polymerization 
without 
Reformation 
In-situ 
Polymerization 
with 50V 
Reformation 
In-situ 
Polymerization 
with 75V 
Reformation 
Capacitance 
(µF) 15 15 15 14 
ESR (mΩ) 39 38 32 500 
Break-down 
voltage (V) 96 0 62 89 
3.2.6 Characterization 
3.2.6.1 Scanning Electron Microscopy (SEM) 
The SEM image is formed due to electron beam scanning over the sample surface, 
and the resulting image is the sum of sequential signals appearing in an object in 
response to inelastic scattering of beam (probe) electrons. Response signals can 
have different natures; however, within the standard, secondary (SE) or, as a last 
resort, backscattered (BSE) electron images are used to measure sizes (Maksimov, 
2009). 
The SEM does not contain objective, intermediate and projector lenses to magnify 
the image as in the optical microscope. Instead magnification results from the ratio 
of the area scanned on the specimen to the area of the television screen. Increasing 
the magnification in an SEM is therefore achieved quite simple by scanning the 
electron beam over a smaller area of the specimen. SEM is the best known and 
most widely-used of the surface analytical techniques. High-resolution images of 
surface topography, with excellent depth of field are produced using a highly-
focused electron beam (Braun, et al., 2005). 
Samples suitable for SEM measurements include most solids which are stable 
under vacuum (metals, ceramics, polymers, minerals). Samples must be less than 2 
cm in diameter. Non-conducting samples are usually coated with a thin layer of 
carbon or gold in order to prevent electrostatic charging (Braun, et al., 2005). 
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3.2.6.2 Energy-Dispersive X-ray Spectroscopy (EDX) 
When PPy is produced by oxidation in the presence of FeCl3, the polymer is doped 
with Cl− anions; the overall reaction can be represented by the following 
stoichiometric equation 4.8 (Vernitskaya and Efimov, 1997) 
                (3.8)  
Where y is the degree of PPy oxidation (doping level). In earlier works, the degree of 
PPy oxidation was determined from the Cl/N ratio using the data from elemental 
analysis. The Cl/N ratio varied from 0.21 to 0.34. It was stated the Cl/N ratio for PPy 
prepared from aqueous solution was 0.33 and substantially exceeded that for the 
polymer produced from methanol and AN. Possibly, the intermediate species of 
chlorine is related to iron chlorides. In spite of the high concentration of incorporated 
chlorine, only a Cl/N ratio equal to 0.25 corresponded to y (25% of oxidised 
monomer units). Thus, the elemental analysis is insufficient to determine the true 
degree of PPy oxidation (Vernitskaya and Efimov, 1997). 
Many papers discuss the elemental analysis of polypyrrole powders and, in most 
cases, assign the discrepancies in the carbon, hydrogen, nitrogen, and sulphur 
determination to oxygen and its possible source as adsorbed water and carbon 
dioxide. It has been showed that the excess oxygen is due to nucleophilic 
substitution of the polymer backbone with OH groups when the polymerization is 
conducted in the presence of water. A decrease in the excess oxygen attributed to 
hydroxyl groups is found when certain hydrophobic dopants are used (Figure 3.3) 
(Kuhn and Chil, 1998).   
Figure 3.3 : Elemental analysis of polypyrrole powders at room temperature using 
0.2 mol/L of pyrrole and FeCl3 / pyrrole ratio of 2.4 
Dopant Concentration (g/L) 
Atomic Ratio 
Cl/N S/N (Cl+S)/N O/Na 
Ferric chloride – 0.22 – 0.22b 0.83 
p-Toluenesulfonic acid 3.3 0.15 0.12 0.27 0.83 
p-Toluenesulfonic acid 10.0 0.11 0.18 0.29 0.57 
Anthraquinone-2-sulfonic 
acid 3.3 0.07 0.27 0.34 0.36 
a
 In excess of sulfonate ions 
b
 The lower value obtained for the chloride ion-doped sample is actually in good accordance with the 
literature, for sample run at the same pyrrole concentrations. This may result from the relative lability of 
these ions, which may be partially removed by the repeated washings with water. 
nC4H5N + (2+y)n FeCl3  [(C4H3N)ny+ ny Cl-] + (2+y)n FeCl2+2n HCl
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3.2.6.3 Fourier Transform Infrared Spectroscopy (FTIR) 
Infrared (IR) is well established as a method of vibrational spectroscopy and has 
been used for decades as a tool for the identification and characterization of 
polymeric materials (Nishikida and Coates, 2003).  
Most infrared spectroscopy is carried out by using Fourier-transform infrared (FTIR) 
spectrometers. This method is based on the interference of radiation between two 
beams to yield an interferogram, i.e. a signal produced as a function of the change 
of pathlength between two beams. The two domains of distance and frequency are 
interconvertible by the mathematical method of Fourier transformation. The basic 
components of an FTIR spectrometer are shown in Figure 3.4 (Stuart, 2002). 
 
 
Figure 3.4 : Schematic of a typical Fourier-transform infrared (FTIR) spectrometer. 
The radiation emerging from the source is passed through an interferometer to the 
sample before reaching to a detector. Upon amplification of the signal, in which 
high-frequency contributions have been eliminated by a filter, the data are converted 
to a digital form by using an analogue-to-digital converter and then transferred to the 
computer for Fourier-transformation to take place (Stuart, 2002). 
The output from an infrared instrument is referred to as spectrum. Inverse 
wavelength units (cm-1) are used on the x-axis – this is known as the wavenumber 
scale. The y-axis may be represented by % transmittance, with 100% at the top of 
the spectrum. It is commonplace to have the choice of absorbance or transmittance 
as a measure of band intensity. The transmittance is traditionally used for spectral 
interpretation, while absorbance is used for quantitative work (Stuart, 2002). 
The spectrum interpretation is simplified by the fact that the bands that appear can 
be assigned to particular parts of the molecule, thus producing what are known as 
group frequencies (Figure 3.5)(Stuart, 2002). 
The hydroxy (OH) group gives rise to a broad band in the region 3000 – 3500 cm-1 
(assigned to the O – H stretching frequency), amino (NH) around 3300 cm-1, siloxy 
(Si – O) between 1200 and 1000 cm-1 (intense, usually doublet), choloro (C – Cl) at 
690 cm-1 (intense, often multiple bands), nitrile or cyano ( – C≡N) located at 2220 
cm-1 (sharp), fluoro (C – F) at 1250 cm-1 (intense), amido (CONH) group, with 
absorptions at 1670 cm-1 and 1550 cm-1, and the 1,4-disupstituted (para-)benzene 
Sample Interferometer Source Detector Amplifier Anolog/Digital 
converter Computer 
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ring at 830 cm-1, versus the mono-substituted benzene ring located at 760 and 690 
cm-1 (Nishikida and Coates, 2003). 
 
Figure 3.5 : A typical correlation table for the infrared modes of polymers. 
3.3 Applications 
Numerous applications of polypyrrole coated textiles have been considered. The 
most promising commercial use will probably lie in composite structures where the 
reinforcing properties of the textile fibres are combined with the electrical properties 
of the polypyrrole coating. Good adhesion properties coupled with desirable 
environmental stability suggests application in aircraft fuselage where the electrical 
and electromagnetic response of these composite structures is of importance. The 
electromagnetic response for polypyrrole treated textiles, with a surface 
conductance between 10 and 10,000 ohms/sq, suggests numerous applications in 
stealth technology, camouflage and similar military applications (Kuhn, et al., 1993). 
A similar application which combines the reinforcing property of textile fibres with the 
electrical conductance of the polypyrrole coating is in composite structures, such as 
continuous transport belts as used in coal mines, sanding belts, etc. Here, static 
dissipation is of great importance and polypyrrole coated textiles have shown 
exceptional performance under continuous flexing conditions. Another application 
where conductive textiles find excellent use is in products where static dissipation is 
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required, such as in filtration using flammable solvents, uniforms in refineries, etc. In 
these applications the lack of environmental stability is of less importance as 
excellent static dissipation is obtained with a surface resistance from 103 to 106 
ohms/sq (Kuhn, et al., 1993). 
PPy filament was used as chemical sensors for detection of gases and vapours and 
PPy films can be employed to construct artificial muscles with tactile sensitivity and 
up to 12% linear strain. Due to the good adhesion with different substrates, PPy can 
also form composites with a number of non-conductive fibres or fabrics to prepare 
the electrical conductive textiles (Li, et al., 2005). Owing to the advantages of both 
the mechanical properties of the flexible and elastic substrate, and the electrical, 
microwave properties and biocompatibility of the PPy-coating, the composites can 
be used as flexible smart materials for applications in electromagnetic interference 
(EMI) shielding (Li, et al., 2005; Kuhn and Child, 1998), broadband microwave 
absorbing (Li, et al., 2005; Kuhn and Child, 1998), static charge dissipation, 
biomedical and tissue engineering, etc. In some studies it has been also reported 
that the application of the PPy-coated fabrics as the sensing fabrics for detection of 
strain to enable the measurement and control of various movement of human body. 
These fabrics may be used as an intelligent material for preparation of wearable 
devices for training, fitting, rehabilitation, etc (Li, et al., 2005). The other fields of 
application of conductive textiles may be classified as heating elements, composite 
structures, and military applications (Kuhn and Child, 1998). 
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4 EXPERIMENTAL PROCEDURE 
4.1 Raw Material 
In this study, Pyrrole (Py) and Aniline (Ani) are used as monomers. Acetonitrile 
(AN), Methanol/Acetonitrile (MeOH/AN) mixture and deminerilized water are used as 
solvents; Ferric Chloride (FeCl3) and Cerium (IV) Ammonium Nitrate (CAN) are used 
as oxidants; paraToluene Sulfonic Acid (pTSA) and Sodium Perchlorate (NaClO4) 
are used as dopants for polypyrrole synthesis on textile substrate. It is used 37% 
HCl solution as solvent and Ammonium Persulfate as dopant for polyaniline 
synthesis on the substrate.  Dodecyl Trimethyl Ammonium Bromide (DTAB) is used 
as wetting agent for both monomers. All chemicals were used in analytical grade 
and no purification was made. A 0.25 mm thick, 100% polyester textile without any 
finishing has been used as substrate. 
4.2 Methods of Deposition 
4.2.1 Two-step polymerization of conductive polymer on the textile substrate 
The polymerization on the substrate has to be carried out in two different medium 
which have the same solvent and DTAB concentration but the one (Medium I) has 
pyrrole monomer and the other (Medium II) has the oxidant (FeCl3 or CAN). Initially, 
unlike the literature, textile specimen has immersed into the Medium I for a time 
more than an hour to be able to get wet. At the end of this time wetted textile has 
immersed into the Medium II and the polymerization begins. After 10 minutes the 
textile has immersed into the Medium I. At the end of every 10 minutes the textile 
has been relocated into the other medium. The relocation was made eight times for 
the polymerizations oxidized by FeCl3, ten times for those of oxidized by CAN and 
sixteen times for the polymerizations carried out in the methanol / acetonitrile 
mixture.  
4.2.2 In situ polymerization of polyaniline onto the textile substrate 
Similarly to pyrrole, in situ polymerization of the aniline had been carried out on a 
textile substrate to be able to make a comparison of the conductivity properties of 
polypyrrole coated textile and polyaniline coated textile. The same polymerization 
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parameters used in polypyrrole synthesis were not suitable for polyaniline synthesis. 
The study of M. Nouri and A. Gholipour (2006) had been chosen for the guideness 
for the polyaniline synthesis on the textile substrate. 0.5 g of aniline was dissolved in 
50 ml 1 M HCl and 0.482 g textile substrate was immersed into this solution.1.225 g 
APS was dissolved in 10 ml 1 M HCl and added to the solution with textile substrate 
in 15 minutes. After 40 minutes polymerization at room temperature the coated 
textile was washed with ethanol and water twice, dried in room temperature and 
doped with HCl vapour in the desiccator.  
4.3 Measurements 
SEM, EDX and FTIR analyses were made to the coated samples. Conductivity has 
been calculated from the resistivity values measured. The related results have been 
given in section 5. 
The volume resistivities were measured with the device which is shown in Figure 
4.1. The resistivity measurements for FO to F27 specimens was made twice and 
indicated as 1st Measurements and 2nd Measurements. Because the afterwards 
formulations synthesized after the first measurement these specimens can only be 
measured once at the second measurements. All the measurements were made at 
1.275 V and 1 kHz. The conductivities of the coated textiles were evaluated from the 
measured volume resistivity values. The conductivity of the specimens had been 
calculated by the Equation 3.7. 
 
Figure 4.1 : Volume Resistivity Measurement Device with GW INSEK LCR-816 
LCR Meter 
In this study capacitance values were measured simultaneously with the resistance 
measurements at the same device shown in Figure 4.1. 
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JEOL 6335F SEM (electron accelerating voltage of 15keV and 150x magnification) 
was used to take scanning electron microscope photographs of coated textile. While 
taking the SEM images, EDX analyses were made simultaneously with the same 
device.   
In this study, PELKIN ELMER FTIR System Spectrum BX was used for FTIR 
measurements. 
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5 EXPERIMENTAL RESULTS AND DISCUSSIONS 
5.1 Synthesis of Conductive Textiles 
The laboratory study comprised of the following steps:  
• The synthesis of polypyrrole and polyaniline for the comparison onto the 
textile and determination of the effects of the addition order and addition 
method of reactants on the polymerization  
• Conductivity and capacitance measurements 
• Characterization of the coated textiles (SEM, elemental analysis, FTIR) 
The effects of preparation methods to the properties of coated textile have been 
optimizied by using the obtained data from these three items.  
Details for in situ and two step polymerization methods of pyrrole and aniline onto 
the PES textile substrate have been mentioned in the previous section. In this 
section, the evaluations of the results have been given.  
According to the literature mentioned above, there were three choices of solvents 
which give the best results for conductivity for the synthesis of polypyrrole: water, 
methanol and acetonitrile. It has also been mentioned that using the binary mixture 
of methanol and acetonitrile as solvent results in the highest conductivity value. At 
the beginning of this study, some synthesis of polypyrrole powder was made to 
determine the polymerization conditions in those four solvents. The yield in 
methanol is much lower than that in the other three solvents. The highest yield was 
obtained in water and acetonitrile solutions. For these reasons, acetonitrile, water 
and the mixture of acetonirtile and methanol were used as solvents for 
polymerizations. 
Synthesizing of polymer onto a textile substrate is a little bit different than the 
polymerization process in the solution. A wetting agent must be used to form a 
polymer film layer on the substrate. FeCl3 is the most common oxidant used for 
pyrrole polymerization. But there are no data for the in situ polymerization pyrrole on 
the textile by using CAN as oxidant. For this reason both FeCl3 and CAN are used in 
this study. During the polymerization, effect of different parameters such as 
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monomer, oxidant, dopant concentration, solvent, polymerization time and addition 
order of reactants were investigated in this section. 
In the literature the in situ polymerization had been carried out in only one medium. 
In the first experiments, in situ polymerization was carried out for coating polypyrrole 
onto textiles. Because the polymerization rate is too fast (especially in the presence 
of CAN as oxidant) for polypyrrole, the polymerization was carried out in the solution 
and the pyrrole monomers could not be able to reach to the substrate (Figure 5.1). 
 
Figure 5.1 : The in situ polymerization in AN solution; CAN is the oxidant 
As it can be seen from the Figure 5.1, polypyrrole can not penetrate into the textile. 
It has only accumulated on the substrate and can not be able to fasten onto textile. 
Therefore, the two step polymerization on the substrate has to be carried out. 
Initially, the textile specimen was immersed into the Medium II (oxidant solution) for 
a time more than an hour to be able to get wet, then immersed into the Medium I 
(pyrrole solution). However, insufficient polymerization on the textile was obtained in 
these experiments. Henceforth, the textile specimen was immersed into the Medium 
I to be able to get wet, then immersed into the Medium II. 
It is stated in literature that the factors which affect the conductivity and yield are the 
choice of solvent, oxidant, initial oxidant/monomer ratio, polymerization temperature 
(0-5)°C and polymerization time (Vernitskaya and Efimov, 1997). 
Effect of wetting agent 
The amount of wetting agent was used 1% w/w of solvent and this amount was 
accepted as a starting point for determining the necessary concentration of DTAB. 
Different amounts (but close to the starting point) of DTAB were used to obtain the 
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film homogeneity. The homogeneous film was obtained on the substrate when 0.366 
grams DTAB was used in 50 ml of solvent (FT-S-22 formulation in Table 5.1). 
Because two step deposition was carried out, the half of this amount was added to 
the both of the 25 ml solutions.  
The solvent and the polymerization time effect 
In our two step polymerization on the surface of textile fibres three different kinds of 
solvent were used (acetonitrile, AN/MeOH mixture and distilled water). The ratio of 
total solvent for both of the mediums to textile is 100:1 and for one medium ratio of 
solvent to textile 50:1 was used according to the literature survey. 
It has been seen that the polymerization time has been changing depends on the 
oxidants and solvents used. It has been decided to terminate the polymerization 
visually. The specimen washed after the textile became dyed into black. In 
especially AN solution the amount of the polypyrrole on the textile is more than that 
of in the water or in the MeOH / AN solution although the polymerization time was 
shorter. Accumulation on the textile, and thus the locally fallout of polypyrrole from 
the textile substrate has been observed in longer polymerization times Figure 5.2.  
 
Figure 5.2 : Locally fallout of polypyrrole from the textile because of the longer 
polymerization time 
This situation is not valid for MeOH / AN solution. Almost no colour change has 
been observed at the same polymerization time with specimens in AN solution. 
Thus, the polymerization time prolonged for these specimens. It takes more than 
160 minutes to be coated for the specimens in MeOH / AN solution while the others 
are able to be coated in less than 90 minutes (Table 5.3). 
22 syntheses on substrate were made to decide the formulation to form the 
homogeneous polypyrrole film on the substrate. These formulations named “FT-S-1” 
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to “FT-S-22” where the letters F indicates the word “formulation”, T indicates “textile” 
and S indicates “synthesis”. 
The formulations of the comparable nine syntheses of these 22 “FT-S” syntheses 
have been shown in Table 5.1. The weight of coated and uncoated textile and the 
time of wetting and polymerization were also given in the same table. The textile 
samples were sewn to a frame to not to bend from the edges. Weight of textile with 
frame has also been mentioned in the table. 
Table 5.1 : The formulations and the polymerization details for the “FT-S” 
formulations 
 
FT-S-1 FT-S-6 FT-S-7 FT-S-11 FT-S-12 FT-S-17 FT-S-20 FT-S-21 FT-S-22 
Weight of 
Textile  0,284 0,285 0,36 0,226 0,303 0,296 0,397 0,395 
Weight of 
Textile with 
frame  
1,186 1,246 0,972 0,682 0,668 0,732 0,636 0,666 
PYRROLE (ml) 0,5 1 0,5 0,5 0,5 1 0,5 0,5 0,5 
AN (ml) 50 50 55 50 50 50 50 50 50 
MeOH (ml) - - - - - - - - - 
FeCl3.6H2O (g) 1,787 - - - - - - - - 
FeCl3 (g) - - 2,88 2,879 2,878 - 2,874 2,878 2,879 
CAN (g)-1 - 1,008 - - - - - - - 
CAN (g)-2 - - - - - 1,009 - - - 
DTAB (g) 0,389 0,402 0,403 - - 0,404 0,417 0,414 0,366 
pTSA (g) - - - - 0,3 - - - - 
Weight of 
Coated Textile 
with frame  
1,205 1,29 1,012 0,718 0,676 0,758 0,658 0,712 
Difference (g) 
 
0,019 0,044 0,04 0,036 0,008 0,026 0,022 0,046 
Wetting Time 
(min) 0 120 148 60 70 122 77 151 77 
Polymerization 
Time (min) 60 100 75 42 42 91 91 91 92 
Total Time 
(min) 60 220 223 102 112 213 168 242 169 
Weight 
Increase (%)  1.6 3.5 4.1 5.3 1.2 3.6 3.5 6.9 
In all of these 22 syntheses the most homogeneous coating has been achieved on 
the FT-S-22 sample. For this reason, the samples on which the analyses and 
measurements will be done have been coated with regard to this formulation. The 
“F” code which means “formulation” was given to these formulations. 18 “F” coded 
specimens were coated according to the Table 5.2. The numbers in the table 
indicate the number of the specimens and represent the solvent, oxidant and dopant 
used.   
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Table 5.2 : Enumerating for the “F” formulations 
Solvents: AN MeOH / AN Distilled Water 
Oxidants: FeCl3 CAN FeCl3 CAN FeCl3 CAN 
Undoped 1 2 3 4 5 6 
PTSA 7 8 9 10 11 12 
NaClO4 13 14 15 16 17 18 
For example in F1 formulation, AN was used as solvent; FeCl3 was used for oxidant 
and no dopant was used. Despite this, in F18 formulation, the solvent is water; 
oxidant is CAN and NaClO4 was used as dopant.  
The adequate coating can not be reached when the CAN is used as oxidant. The 
coating procedure for the related formulations (F19 - F27) were repeated by using 
the amount of pyrrole in twofold. The detailed information on related formulations 
was given in Table 5.3. 
Before the polymerizations of F formulations, textile was washed. 45.278 g of textile 
immersed into 1L of tap water. 1g of laundry detergent and 2 g of Na2CO3 were 
added into the water. After 30 minutes at 70°C it was left to cool to room 
temperature. It was rinsed and dried 45 minutes at about 110°C. 
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Table 5.3 : The formulations and the polymerization details for the “F” formulations 
 F1 F2 F3 F5 F6 F7 F8 F9 F11 F12 F13 F14 F15 F17 F18 F19 F20 F21 F25 F26 F27 
PYRROLE 
(ml) 0,5 0,5 0,5 0,55 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 1 1 1 1 1 1 
AN (ml) 50 50 25 - - 50 50 25 - - 50 50 25 - - 50 50 50 12,5 12,5 12,5 
MeOH (ml) - - 25 - - - - 25 - - - - 25 - - - - - 12,5 12,5 12,5 
Water (ml) - - - 50 50 - - - 50 50 - - - 50 50 - - - - - - 
FeCl3 (g) 2,848 - 2,699 2,88 - 2,863 - 2,879 2,877 - 2,874 - 2,847 2,883 - - - - - - - 
CAN (g)-2 - 1,003 - - 1,002 - 1,005 - - 1,005 - 1,007 - - 1 1,005 1,009 1,005 1,002 1,002 1,005 
DTAB (g) 0,372 0,37 0,372 0,374 0,373 0,374 0,37 0,371 0,375 0,375 0,371 0,372 0,374 0,374 0,37 0,37 0,375 0,373 0,5 0,5 0,503 
pTSA (g) - - - - - 0,072 0,067 0,055 0,057 0,061 - - - - - - 0,059 - - 0,056 - 
NaClO4.6H2O - - - - - - - - - - 0,056 0,055 0,057 0,062 0,063 - - 0,063 - - 0,052 
Weight of 
Textile 0,601 0,599 0,539 0,55 0,557 0,592 0,607 0,54 0,56 0,552 0,552 0,546 0,544 0,56 0,543 0,551 0,549 0,55 0,502 0,454 0,485 
Weight of 
Textile with 
frame 
1,018 0,977 0,924 0,926 0,928 1,021 0,975 0,937 0,916 0,962 0,919 0,919 0,93 0,941 0,907 0,97 0,9 0,947 0,865 0,773 0,818 
Weight of 
Coated Textile 
with frame 
1,078 0,969 0,93 0,932 0,93 1,108 0,977 0,944 0,943 0,963 1,008 0,914 0,938 0,968 0,908 0,978 0,91 0,949 0,859 0,766 0,815 
Difference (g) 0,06 -0,008 0,006 0,006 0,002 0,087 0,002 0,007 0,027 0,001 0,089 -0,005 0,008 0,027 0,001 0,008 0,01 0,002 
-
0,006 
-
0,007 -0,003 
Wetting Time 
(min) 86 86 96 75 77 86 86 96 75 77 86 86 96 75 77 102 102 102 130 130 130 
Polymerization 
Time (min) 70 90 164 72 103 74 90 166 72 103 70 90 170 72 103 97 98 99 161 161 161 
Total Time 
(min) 156 176 260 147 180 160 176 262 147 180 156 176 266 147 180 199 200 201 291 291 291 
Weight 
Increase (%) 5.9 -0.8 0.6 0.6 0.2 8.5 0.2 0.7 2.9 0.1 9.7 -0.5 0.9 2.9 0.1 0.8 1.1 0.2 0.4 0.6 2.3 
 43 
 
Table 5.4 : Images of samples coated in AN solution. 
 
AN 
 
FeCl3 CAN 
Undoped 
F1 F2 
    
pTSA 
F7 F8 
    
NaClO4 
F13 F14 
    
The images of specimens coated in AN solution have been given in Table 5.4. The 
images of specimens coated in MeOH / AN solution and in water have been given in 
Table 5.5 and Table 5.6, respectively.  
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Table 5.5 : Images of samples coated in MeOH/AN solution. 
 
MeOH/AN 
 
FeCl3 CAN 
Undoped 
F3 F4 
 
The coating obtained when FeCl3 
is used as oxidant in MeOH/AN 
mixture is thinner than the 
coatings obtained with same 
oxidant in the other solvents. 
During the CAN initiated 
polymerization, the forming rate 
of coating is much lower than the 
rate in FeCl3 initiated 
polymerization. Considering this 
factor, coating the textile with F4 
formulation has been cancelled. 
Instead of this, F25 formulation in 
which the 1 ml pyrrole used as 
monomer has been selected.  
pTSA 
F9 F10 
  
The coating obtained when FeCl3 
is used as oxidant in MeOH/AN 
mixture is thinner than the 
coatings obtained with same 
oxidant in the other solvents. 
During the CAN initiated 
polymerization, the forming rate 
of coating is much lower than the 
rate in FeCl3 initiated 
polymerization. Considering this 
factor, coating the textile with 
F10 formulation has been 
cancelled. Instead of this, F26 
formulation in which the 1 ml 
pyrrole used as monomer has 
been selected. 
NaClO4 
F15 F16 
  
The coating obtained when FeCl3 
is used as oxidant in MeOH/AN 
mixture is thinner than the 
coatings obtained with same 
oxidant in the other solvents. 
During the CAN initiated 
polymerization, the forming rate 
of coating is much lower than the 
rate in FeCl3 initiated 
polymerization.  Considering this 
factor, coating the textile with 
F16 formulation has been 
cancelled. Instead of this, F27 
formulation in which the 1 ml 
pyrrole used as monomer has 
been selected.  
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Table 5.6 : Images of samples coated in distilled water. 
 
Water 
 
FeCl3 CAN 
Undoped 
F5 F6 
  
pTSA 
F11 F12 
  
 
NaClO4 
F17 F18 
    
In Table 5.5 it has been clearly seen that the coating obtained when FeCl3 is used 
as oxidant in MeOH / AN mixture is thinner than the coatings obtained with same 
oxidant in the other solvents.  
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The Images of repeated formulations in the presence of CAN oxidant has been 
shown in Table 5.7. 
Table 5.7 : Images of samples coated in AN and MeOH/AN solutions (repeated 
formulations). 
 
AN MeOH/AN 
 
CAN CAN 
Undoped 
F19 F25 
    
pTSA 
F20 F26 
  
  
NaClO4 
F21 F27 
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Effect of different oxidants 
The initial oxidant/monomer ratio for FeCl3 is chosen 2.44 from the literature 
(Vernitskaya and Efimov, 1997, Ayas, et al., 2009). 
Using CAN as oxidant makes the similar effect in polymerization time with MeOH / 
AN solution. It prolongs the polymerization time but not as much as the later one. 
As it can be seen both from Table 5.4 and from Table 5.6 the coating on the textile 
is insufficient for the polymerizations oxidized with CAN. 
Dopant effect 
The literature on the chemical and electrochemical polymerization of pyrrole 
indicates that the ratio of dopant units to monomer units should be between 0.25 
and 0.33 (1:4 and 1:3). This degree of doping may be necessary for an optimum 
electrical and environmental performance of the polypyrrole produced. It has been 
reported that polypyrrole produced in highly dilute solutions may have a degree of 
doping as low as. 1, in spite of the fact that a 20 fold excess of ferric chloride was 
used (Kuhn, et al., 1993). 
In F formulations the dopants pTSA and NaClO4 were used. Saville et al. have been 
indicated that the dopant was used 10% of the fabric by weight (Saville, et al., 
2005). This ratio is accepted for the F prefixed formulations. An undoped coating 
was also made for all of the solvents and oxidants, to be able to make the 
comparison. The related numbers of the F named syntheses have been indicated in 
Table 5.2. 
After the conductivity measurements were carried out the F3, F5, F9, F11, F13 and 
F17 formulations had been decided to be synthesized once more. The detailed data 
have been given in Table 5.8 for these syntheses. The repeated formulations 
labelled F3-1, F5-1, F9-1, F11-1 and F13-1. Furthermore, for the formulations F11 
and F13 the dopant amount was reduced by half (F11-05 and F13-05, respectively) 
and increased twofold (F11-2 and F13-2, respectively) to investigate the effect of 
dopant amount. After all of the syntheses which are mentioned in Table 5.3 and 
Table 5.8, the coated textile substrates were washed with water and ethanol twice 
and dried at 50°C more than two hours. The effect of dopant on conductivity will be 
discussed in section 5.2.1 
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Table 5.8 : The formulations and the polymerization details for the repeated 
syntheses of “F” formulations 
 F3-1 F5-1 F9-1 F11-05 F11-1 F11-2 F13-05 F13-1 F13-2 F17-1 
PYRROLE 
(ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
AN (ml) 25 - 25 - - - 50 50 50 - 
MeOH (ml) 25 - 25 - - - - - - - 
Water (ml) 
- 50 - 50 50 50 - - - 50 
FeCl3 (g) 2.893 2.886 2.883 2.881 2.88 2.88 2.891 2.885 2.881 2.889 
CAN (g)-2 
- - - - - - - - - - 
DTAB (g) 0.372 0.375 0.374 0.374 0.375 0.375 0.374 0.375 0.374 0.374 
pTSA (g) 
- - 0.062 0.031 0.063 0.125 - - - - 
NaClO4.6H2O 
- - - - - - 0.035 0.069 0.121 0.065 
Weight of 
Textile 0.483 0.591 0.487 0.48 0.493 0.506 0.498 0.482 0.481 0.598 
Weight of 
Coated Textile  0.48  0.61  0.487  0.489 0.527 0.523 0.58 0.568 0.552 0.605  
Difference (g) 
-
0.003 
0.005 0.018 0.009 0.034 0.017 0.082 0.086 0.071 0.007 
Wetting Time 
(min) 148 106 148 70 70 80 72 72 72 106 
Polymerization 
Time (min) 171 69 171 85 85 85 78 78 78 69 
Total Time 
(min) 319 175 319 155 155 165 150 150 150 175 
Weight 
Increase (%) -0.6 3.2 0.0 1.9 6.9 3.4 16.5 17.8 14.8 1.2 
Other Parameters 
Hakansson et al. indicates the polymerization temperature of their reaction as room 
temperature (Hakansson, et al., 2006). Despite this, in other literature it is indicated 
that if the polymerization temperature is between 0 and 5°C the better conductivity 
has been reached (Wallace, et al., 2003; Vernitskaya and Efimov, 1997; Zhang, et 
al., 2006; Saville, et al., 2005). The polymerization temperature was kept between 0 
and 5°C during the in situ polymerizations of pyrrole in this study. 
5.2 Tests and Analysis applied to the Conductive Textiles 
In order to improve the performance of the product, it became necessary to 
determine the chemical and physical properties of the coated samples. Resistivity 
measurements, SEM, EDX and FTIR analyses have been made to the uncoated 
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and coated textile specimens. The results of tests and analyses have been made 
are as follows: 
5.2.1 Conductivity and capacitance 
The conductivity in S/cm, was calculated from the Equation 4.7. The calculated 
conductivity values for the specimens are shown in Figure 5.3 and indicated in Table 
5.9. The approximate conductivity values were obtained from the first and second 
measurements for the same specimens. This shows the repeatability of the 
measurement. Also, for the repeated formulations, such as F11 and F11-1, the 
approximate conductivity values were obtained which means the reproducibility and 
reliability of the method. 
 
Figure 5.3 : Graph of conductivities of “F” formulations, S/cm 
In the case of the water had been used as solvent, it has been seen that the 
specimens became more conductive. At the first conductivity measurements, the 
highest conductivity was measured at the F11 specimen which was doped by pTSA 
in water. The undoped specimen and the specimen doped with NaClO4 in water 
were also conductive, but have lower conductivity values. Because these values are 
so close to each other, it can be considered that the NaClO4 dopant has not much 
effect on conductivity in water. The increasing effect of pTSA dopant on conductivity 
in water may be caused from the small sizes of SO3- ions rather than that of ClO4- 
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ions. Thus, the diffusivity for SO3- ions in water is better. Because their sizes are 
smaller, these ions may penetrate better into the gabs and move faster. 
Consequently, the conductivity increases. 
Unlike in water, in AN solvent and MeOH / AN mixture, NaClO4 dopant gave the 
higher conductivity to the specimens according to the pTSA. The undoped specimen 
in AN solvent has the conductivity value slightly lower than that of the specimen 
doped with pTSA in the same solvent. In MeOH / AN mixture the undoped specimen 
has higher conductivity than that of doped with pTSA in the same solvent. 
Table 5.9 : Conductivity values of “F” formulations in S/cm 
Code 2nd Measurement 
1st 
Measurement Code 
2nd 
Measurement 
1st 
Measurement 
FO 1.29 x 10-6 1.29 x 10-6 F18 9.92 x 10-6 1.23 x 10-5 
F1 1.92 x 10-3 1.90 x 10-3 F19 1.45 x 10-5 1.45 x 10-5 
F2 -2.80 x 10-6 -2.80 x 10-6 F20 2.04 x 10-6 1.80 x 10-6 
F3 5.59 x 10-4 8.18 x 10-4 F21 1.99 x 10-6 -3.19 x 10-6 
F4 - - F25 9.30 x 10-7 9.30 x 10-7 
F5 5.86 x 10-2 8.35 x 10-2 F26 4.47 x 10-6 4.47 x 10-6 
F6 8.00 x 10-6 1.08 x 10-5 F27 4.75 x 10-7 4.75 x 10-7 
F7 2.27 x 10-3 2.81 x 10-3 F5-1 3.33 x 10-1 - 
F8 3.63 x 10-6 3.63 x 10-6 F11-05 1.45 x 10-1 - 
F9 3.43 x 10-4 5.45 x 10-4 F11-1 1.25 x 10-1 - 
F10 - - F11-2 2.57 x 10-1 - 
F11 7.08 x 10-2 1.06 x 10-1 F13-05 1.80 x 10-2 - 
F12 3.38 x 10-6 5.07 x 10-6 F13-1 5.42 x 10-2 - 
F13 2.44 x 10-3 3.38 x 10-3 F13-2 1.22 x 10-2 - 
F14 3.63 x 10-6 3.63 x 10-6 F17-1 1.23 x 10-1 - 
F15 2.30 x 10-3 3.24 x 10-3 F3-1 1.00 x 10-4 - 
F16 - - F9-1 2.02 x 10-4 - 
F17 5.52 x 10-2 8.96 x 10-2 FPAni-1 5.02 x 10-1 - 
At second conductivity measurements, the highest conductivity in the PPy coated 
specimens was measured at the undoped specimen synthesized in water (F5-1). 
This increase in conductivity can be resulted from the longer wetting of this 
specimen in monomer solution.  
When compared F11-05, F11-1 and F11-2 specimens; the conductivity of F11-2 
specimen is higher than the other two. The conductivities of F11-05 and F11-1 are 
approximately the same. When the amount of pTSA used 0.5% and 1% of the textile 
substrate, this dopant has not much effect on conductivity in water in the presence 
of FeCl3 oxidant. However, when used 2% amount of pTSA, it has contributed to the 
conductivity. 
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The F13-1 specimen has a higher value of conductivity according to the F13-05 and 
F13-2. The amount of NaClO4 seems to be the optimum value when it was used 1% 
of the textile substrate. At low concentration of dopants (0.5% of the textile 
substrate) the diffusion of dopant ions was insufficient.  
The capacitance values (nF) of the “F” prefixed specimens were measured 
simultaneously with the 2nd Measurements. These values have been indicated in 
Table 5.10 and shown in Figure 5.4. 
Table 5.10 : Capacitance values of “F” formulations 
Cod
e 
Capacitance 
(nF) Code 
Capacitance 
(nF) Code 
Capacitance 
(nF) Code 
Capacita
nce (nF) 
FO 7.27 x 10-2 F9 4.17 x 102 F18 6.65 x 10-1 F11-1 1.82 x 106 
F1 7.66 x 102 F10 - F19 1.76 x 10-2 F11-2 3.73 x 106 
F2 2.19 x 10-2 F11 - F20 6.31 x 10-2 F13-05 4.10 x 104 
F3 1.08 x 103 F12 9.84 x 10-2 F21 4.90 x 10-2 F13-1 7.95 x 104 
F4 - F13 1.63 x 103 F25 1.65 x 10-2 F13-2 8.18 x 103 
F5 - F14 1.77 x 10-2 F26 2.30 x 10-2 F17-1 1.28 x 106 
F6 5.35 x 10-1 F15 2.37 x 103 F27 2.02 x 10-2 F3-1 5.29 x 101 
F7 1.31 x 103 F16 - F5-1 1.05 x 107 F9-1 1.68 x 102 
F8 2.36 x 10-2 F17 - F11-05 1.88 x 106 FPAni-1 8.99 x 106 
As it can be seen from the Figure 5.3 and Figure 5.4, the FPAni-1 specimen has the 
highest conductivity but it is the second one when the capacitance values were 
taken into consideration. Another point to be considered, conductive specimens are 
also have higher capacitance values; except F5, F11 and F17 specimens. It has 
been seen that the capacitance values of the specimens synthesized in water are 
approximately 1000 fold higher than capacitance value given in the literature for 
conductive polymers. 
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Figure 5.4 : Graph of capacitances of “F” formulations, nF 
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5.2.2 Scanning Electron Microscopy (SEM) 
The SEM images of the polypyrrole synthesized in the presence of FeCl3 and CAN 
oxidants have been shown in Figure 5.5. The images a and c in this figure had been 
taken at 10000x magnification and at 20kV, showing the polypyrrole structure 
synthesized in the presence of FeCl3 and CAN oxidants, respectively. The images b 
and d in the same figure had been taken at 20000x magnification and at 20kV, 
showing the polypyrrole structure synthesized in the presence of FeCl3 and CAN 
oxidants, respectively. 
 
Figure 5.5 : The SEM images of the polymer synthesized in the presence of FeCl3 
(a, x10000 and b, x20000) and CAN (c, x10000 and d, x20000) 
oxidants 
The difference between the two polymer structure which had been oxidized with 
different oxidants (FeCl3 and CAN) can be seen clearly from the figure. The 
polypyrrole oxidized by CAN, has a rigid structure according to that of oxidized by 
FeCl3. 
The SEM image of the uncoated textile and coated specimens were taken. For the 
specimens that have not been coloured black during the polymerization (F6, F12, 
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F18, F25, F26, and F27) the SEM images were not taken. The SEM image of the 
uncoated polyester textile has been shown in Figure 5.6.  
 
Figure 5.6 : The SEM image of the original (uncoated) polyester textile 
The SEM images of the undoped specimens (F1, F2, F3, and F5) have been shown 
in Figure 5.7. The SEM images of the specimens doped by pTSA (F7, F8, F9, F11) 
and NaClO4 (F13, F14, F15, F17) have been shown in Figure 5.8 and Figure 5.9, 
respectively. In the mentioned figures the “a”s are the specimens synthesized in AN 
solvent by using as oxidant, “b”s are the specimens synthesized in AN solvent by 
using CAN as oxidant, “c”s are the specimens synthesized in MeOH/AN solvent by 
using FeCl3 as oxidant and “d”s are the specimens synthesized in distilled water by 
using FeCl3 as oxidant. It has been seen that the coatings on the specimens 
synthesized in MeOH/AN solvent mixture and in distilled water by using CAN as 
oxidant were not sufficient; because of this the SEM images for these formulations 
have not been taken. 
According to the conductivity measurements, the specimens shown at “d”s in these 
three figures have the conductivity values bigger than 1 x 10-2 S/cm which is nearly 
a hundred times higher than the nearest value of F15 specimen (between 3.20x10-2 
and 4.50x10-2 S/cm). 
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Figure 5.7 : The SEM images of the formula a) F1, b) F2, c) F3, d) F5 
 
Figure 5.8 : The SEM images of the formula a) F7, b) F8, c) F9, d) F11 
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Figure 5.9 : The SEM images of the formula a) F13, b) F14, c) F15, d) F17 
The SEM images of the formula, F11-05, F13-05, F11-1, F13-1, F11-2 and F13-2 
have been shown in Figure 5.10.The specimen synthesized according to the F5-1 
formulation (a) has the highest conductivity value and also the capacitance value 
compared to other polypyrrole syntheses. The F11-2 specimen (g) is the second 
highest conductive specimen in this study. It also has the highest capacitance value 
after the F5-1 specimen. 
As it can be seen from the Figure 5.7 a), Figure 5.8 a), Figure 5.9 a) and Figure 5.10 
d), f) and h) and from the Figure 5.3; the thicker coating does not mean the higher 
conductivity.  
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Figure 5.10 : The SEM images of the formula a) F5-1, b) F17-1, c) F11-05, d) F13-
05, e) F11-1, f) F13-1, g) F11-2, h) F13-2 
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5.2.3 Energy-Dispersive X-ray Spectroscopy (EDX) 
The O/C, Cl/C, Cl/N, O/N, S/N and (Cl+S)/N ratios for the “F” prefixed formulations 
were calculated from the EDX analyses which have been given in Appendix C. 
These calculated ratios and Fe% and Br% values have been indicated in Table 
5.11. 
Table 5.11 : Atomic% ratios for the “F” formulations 
  Atomic% 
  O/C Cl/C Cl/N O/N S/N (Cl+S)/N Fe Br 
F0 0.46 0.00 - - - - - - 
F1 0.21 0.11 0.54 1.03 - 0.54 2.37 1.54 
F2 0.44 0.00 0.00 3.38 - - - 1.11 
F3 0.34 0.02 0.14 2.18 - 0.14 0.26 0.29 
F5 0.24 0.02 0.15 1.45 - 0.15 0.38 0.21 
F7 0.24 0.17 1.23 1.77 - 1.23 5.49 1.30 
F8 0.32 0.01 0.05 2.48 - 0.05 - 0.94 
F9 0.27 0.02 0.19 2.25 - 0.19 0.34 0.14 
F11 0.12 0.06 0.27 0.60 - 0.27 0.42 0.21 
F13 0.17 0.15 1.13 1.24 - 1.13 2.85 1.62 
F14 0.34 0.00 - - - - - 0.72 
F15 0.18 0.06 0.25 0.80 - 0.25 0.40 0.37 
F17 0.26 0.04 0.22 1.63 - 0.22 0.45 0.16 
F19 0.28 0.00 0.00 1.22 - - - 1.54 
F20 0.45 0.00 0.00 3.44 - - - 0.65 
F21 0.42 0.00 0.00 2.61 - - - 0.73 
F5-1 0.18 0.06 0.34 1.09 - 0.34 1.35 0.13 
F11-05 0.21 0.03 0.31 1.93 0.01 0.33 0.37 0.14 
F11-1 0.23 0.03 0.24 1.79 0.02 0.26 0.29 0.10 
F11-2 0.16 0.09 0.65 1.12 0.04 0.69 3.65 0.20 
F13-05 0.09 0.22 1.78 0.72 - 1.78 4.89 1.54 
F13-1 0.12 0.14 1.22 1.06 - 1.22 2.30 1.54 
F13-2 0.17 0.16 1.17 1.23 - 1.17 3.64 1.62 
F17-1 0.14 0.05 0.32 0.97 - 0.32 0.50 0.16 
When considered with the Figure 5.3, it has been seen from the table that in the 
case of the ratio (Cl+S)/N is in a range of between 0.15 and 0.69; the ratio Cl/C is 
smaller than 0.1, and the Br% is smaller than 0.21 the higher conductivity has been 
obtained (F5, F11, F17, F5-1, F11-05, F11-1, F11-2, F17-1). Furthermore, it has 
also been noticed that if the ratio (Cl+S)/N is higher than 1.17; the ratio Cl/C is 
higher than 0.1; and Br% is higher than 1.30 lower values in conductivity have been 
obtained (F1, F7, F13, F13-05, F13-1, F13-2). In excess amount of dopants, the 
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conductivity bands have been completely filled and thus, the conductivity decreases 
(Sezer and Heinze, 2006). The EDX results of PAni coated textile has been 
indicated in the Appendix C. The Cl/C ratio evaluated from these results as 0.18 and 
(Cl+S)/N ratio evaluated as 8.54. Although, these values are different from that of 
evaluated for polypyrrole coated specimens PAni coated textile has the highest 
conductivity. Because, PAni can be doped by both Cl- ions from HCl and SO4- ions 
from APS, the (Cl+S)/N ratio for PAni is quite higher than that of PPy. This explains 
the high conductivity of PAni coated textile specimen. This also shows that the 
amount of dopant ions that the PAni needs to become conductive is quite more than 
that of PPy needs. 
5.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 
The chemical structure of polyethylene terephthalate, the polyester used to produce 
commercial film products such as Mylar or Melinex (DuPont) has shown in Figure 
5.11 (Szczepanowska and Wilson). 
CC
O O
* O CH2CH2 O *
n
 
Figure 5.11 : The chemical structure of polyethylene terephthalate 
The characteristic peaks for polyethylene terephthalate can be seen in the FTIR 
spectra of Mylar polyester film type 92A (Figure 5.12). These peaks are a single 
strong absorption peak at 1,715 cm−1 and 1,247 cm−1 and double strong absorption 
peaks at 1,122 cm−1 and 1,099 cm−1 (Szczepanowska and Wilson). 
 
Figure 5.12 : FTIR Spectrum of Mylar polyester film type 92A 
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The FTIR spectrum of uncoated polyester textile has been shown in Figure 5.13. 
The characteristic peaks of polyester are seen here at 1712 cm−1, 1244 cm−1, 1105 
cm−1 and 1096 cm−1.  
 
Figure 5.13 : FTIR spectrum of the original (uncoated) textile 
As it can bee seen from Figure 5.12 and Figure 5.13 the two spectra is nearly the 
same. The peak at 1712 cm−1 represents the C=O double bond. The peak at 1244 
cm−1 represents the C – O bond and the peaks at 1118.5 cm−1 and 1096 cm−1 
represent the C – C bonds in the molecule. The strong peak at 722 cm-1 represents 
the C – H bonds. 
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Figure 5.14 : FTIR spectrum of the formula F1 
The peak at 1565 cm-1 in Figure 5.14 corresponds to the C=N and/or C=C bonds 
(Mohammad, 1997). It is also indicated in ref. (Ayas, et al., 2009) that the peaks 
1560 cm-1 and 1475 cm-1 correspond to the C−C and C−N stretching vibration in the 
pyrrole ring, respectively. In ref. (Cetiner, et al., 2010) it is indicated that the 
characteristic bands of PPy ring vibration (C–C stretching) can be observed at 1546 
cm-1, C–H plane vibration at 1045 and 1310-1316 cm-1, C–N stretching vibration at 
1450 cm-1, C–H plane vibration at 918-950 cm-1 (Cetiner, et al., 2010). 
The specimens which were synthesized with the formulations F5, F11 and F17 are 
the three of the most conductive specimens according to the conductivity 
measurements. The strong peak which has been seen at 1565 cm-1 in Figure 5.14, 
has the less intensity in FTIR spectra of these specimens (Figure 5.15, Figure 5.17 
and Figure 5.18, respectively) than that of in Figure 5.14. 
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Figure 5.15 : FTIR spectrum of the formula F5 
 
Figure 5.16 : FTIR spectrum of the formula F8 
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Figure 5.17 : FTIR spectrum of the formula F11 
 
Figure 5.18 : FTIR spectrum of the formula F17 
The FTIR spectra of the specimens synthesized with the formulations F8 and F27 
are shown in Figure 5.16 and Figure 5.19, respectively. These specimens have 
relatively high resistance values and thus the conductivities are in a range of non-
conductive materials. As it can be seen in the mentioned FTIR spectra there are no 
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specific change in the spectrum of the related coated textiles. Especially for the F27 
formulation the spectrum is nearly the same with the spectrum of uncoated textile. 
 
Figure 5.19 : FTIR spectrum of the formula F27 
Peak at 2360 cm-1, which can be seen in Figure 5.19, Figure 5.20, Figure 5.21, 
Figure 5.22 and Figure 5.23 in this section, corresponds the CO2 that comes from 
the laboratory medium. The FTIR spectra of specimens synthesized with the 
formulations F27, F 3-1, F5-1, F9-1, F11-05, F11-1, F11-2, F13-05, F13-1, F13-2 
and F17-1 have the same peak. These spectra can be seen in Appendix D. 
The broad and strong peak around 3000 cm-1 corresponds to the C–H bond of the 
aromatic ring (Figure 3.5). 
The presence triple peak at 920 cm-1 corresponds to the C−Cl bond (Figure 3.5) and 
shows that the textile is conductive (F5, F11, F17, F5-1, F11-05, F11-1, F11-2, F17-
1). In this case the ratio (Cl+S)/N is in a range of between 0.15 and 0.69; the ratio 
Cl/C is smaller than 0.1, and the Br% is smaller than 0.21 according to the EDX 
analyses. However it affects the conductivity negatively if the peak on the left 
becomes bigger (F1, F7, F13, F13-05, F13-1, F13-2). In this case the ratio (Cl+S)/N 
is higher than 1.17; the ratio Cl/C is higher than 0.1; and Br% is higher than 1.30 
according to the EDX analyses. 
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Figure 5.20 : FTIR spectrum of the formula F5-1 
 
Figure 5.21 : FTIR spectrum of the formula F11-05 
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Figure 5.22 : FTIR spectrum of the formula F11-2 
 
Figure 5.23 : FTIR spectrum of the formula F17-1 
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6 CONCLUSIONS AND RECOMMENDATIONS 
In this study, chemical oxidative polymerization on PES textile substrate has 
employed with the monomers pyrrole and aniline as starting materials. Polypyrrole 
and polyaniline were coated onto the PES textile substrate. The effect of dopant, 
oxidant and solvent on the polymerization was investigated. CAN was firstly tried as 
oxidant comparatively with FeCl3 for the polymerization of the pyrrole onto the textile 
surface. The resulting conductive textile composites were characterized by SEM, 
elemental analysis, FTIR, conductivity and capacitance measurements.  
Among all the specimens, the polypyrrole coated textiles obtained in all solvent have 
become conductive (or semiconductive) when FeCl3 was used as oxidant. 
Nevertheless, the highest conductivities can be obtained in water. 
Conductivity measurements were perfomed two times. At the first conductivity 
measurements; the highest conductivity was measured for the sample F11 
specimen which was PPy coated textile obtained in water and doped with pTSA. 
The undoped sample (F5) and the sample doped with NaClO4 (F17) that obtained at 
same experimental conditions in water were also conductive, but have lower 
conductivity values. These results suggest that pTSA is more effective dopant than 
NaClO4. The effect of pTSA dopant on conductivity in water may be caused from the 
small sizes of SO3- ions rather than that of ClO4- ions. Because of their smaller 
sizes, these ions may penetrate better into the holes and move faster; consequently, 
the conductivity increases. 
The samples which have high conductivities according to the first conductivity 
measurements were synthesized again at the same experimental conditions. In 
order to improve the conductivities different amounts of dopants were also used and 
measurements were repeated. 
At second conductivity measurements, the highest conductivity for the PPy coated 
samples was measured for the undoped sample in water (F5-1). The only 
differences was between this sample and previously synthesised one (F-11) was the 
wetting time in monomer solution and it was left longer. Increase in conductivity can 
be resulted from the longer wetting time of this sample. Monomer was better 
impregnated into textile which results a polymer with longer conjugation length. 
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These results show the importance of impregnation of monomers and this effect will 
be further investigated. 
However, in the case of AN and MeOH / AN mixture, higher conductivities were 
obtained for NaClO4 doped sample (F13 and F15, respectively) than pTSA doped 
ones (F7 and F9, respectively) and undoped ones (F1 and F3, respectively). These 
results indicated that solvent affects the inclusion of anion into polymer structure. 
Conductive textile composites that were obtained with CAN have the conductivity 
lower than 10-4 S/cm. This might be due to higher oxidation power of CAN which 
results a polymer with shorter conjugation length. These results agree with the 
literature finding. In order to clarify this idea, further experiments at different 
oxidation concentration is needed. These experiments are in progress. 
It has been seen from the SEM images that the polypyrrole synthesized on the 
textile substrate by the in situ polymerization with CAN oxidant was not at the same 
structure with that of synthesized in the presence of FeCl3 oxidant. The less coating 
was occurred on the fibres of substrate with CAN oxidant. The rigid structure, thus 
the less elasticity of the polymer synthesized in the presence of CAN may not be 
suitable for textile coating. Also, the faster polymerization rate of pyrrole in the 
presence of CAN cause the polypyrrole precipitate in the solution before the pyrrole 
monomers penetrate into the textile. To prevent from this, polymerization had been 
carried out in two steps for one textile. The major advantage of a two-step process is 
its potential adaptation to a continuous process that is highly desirable for industrial 
applications. It is, however, more difficult to control and may not produce the 
ordered structures obtainable by an in situ template polymerization. 
Polypyrrole coated textile doped with Cl- anion when FeCl3 used as oxidant and 
further dopant came from pTSA which has the doping anion SO3- and from NaClO4 
which has the dopin anion ClO4-. From EDX results for PPy coated textiles the ratio 
(Cl+S)/N was calculated in order to gain idea about the doping degree of conductive 
textile composites. EDX results show that if the ratio (Cl+S)/N is in a range of 
between 0.15 and 0.69 and the ratio Cl/C is smaller than 0.1, the higher conductivity 
has been obtained.  
Furthermore, it has also been noticed that the lower conductivity values were 
obtained when the ratio (Cl+S)/N was higher than 1.17 and the ratio Cl/C was higher 
than 0.1. 
PAni coated textile has the highest conductivity. The polymerization conditions for 
Pani is different from that of PPy, so completely different EDX results were obtained 
 69 
 
for PAni coated specimens. Since, PAni can be doped by both Cl- ions from HCl and 
SO4- ions from APS, the (Cl+S)/N ratio for PAni coated textile is quite higher than 
that of PPy. This explains the high conductivity of PAni coated textile specimen. This 
also shows that the amount of dopant ions, that the PAni needs to become 
conductive, is quite higher than that of PPy needs. 
In the FTIR spectrum a peak around 920-1000 cm-1 that corresponds to doping 
anion (Cl-) has been observed. For the samples that has higher conductivities this 
peak split into two or three that suggest the inclusion of second (SO3- or ClO4-) and 
or third anion (SO4-). 
Electrical properties of conductive textiles allow these materials to be used for 
charge storage applications. However the capacitive behaviour of these materials 
has not been extensively studied. Several studies have been published and the 
capacitance of conducting polymers was obtained around 15 µF (Merker, et al.). 
Here in this study capacitance values of conductive textile were measured. Results 
suggested that the capacitance values of conductive textile composites based on 
PPy and PAni that synthesized in water are approximately 1000 fold higher than 
literature value. The specimens synthesized in AN solution have capacitance values 
more or less similar to the literature value. So the composites that synthesized in 
these studies can be suggested for capacitive applications. 
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APPENDIX A.1  
Table A.1 : Results of first measurements for resistance 
Code Thickness (mm) 
Resistance 
R1 (Ω) 
Resistance 
R2 (Ω) 
Resistance 
R3 (Ω) 
Resistance 
Rav (Ω) 
Conductivity 
S/cm 
FO 0.25 -2.03 x 107 4.09 x 107 9.37 x 102 6.85 x 106 1.29 x 10-6 
F1 0.28 4.15 x 103 4.16 x 103 4.15 x 103 4.15 x 103 1.90 x 10-3 
F2 0.26 -2.71 x 106 2.96 x 106 -9.33 x 106 -3.03 x 106 -2.80 x 10-6 
F3 0.24 1.13 x 104 1.12 x 104 1.12 x 104 1.12 x 104 8.18 x 10-4 
F4  - - - - - 
F5 0.29 9.13 x 10 9.12 x 10 9.07 x 10 9.11 x 10 8.35 x 10-2 
F6 0.26 7.74 x 105 8.17 x 105 7.56 x 105 7.83 x 105 1.08 x 10-5 
F7 0.27 2.91 x 103 2.91 x 103 2.90 x 103 2.91 x 103 2.81 x 10-3 
F8 0.26 2.13 x 106 -3.34 x 106 8.23 x 106 2.34 x 106 3.63 x 10-6 
F9 0.26 1.56 x 104 1.56 x 104 1.55 x 104 1.56 x 104 5.45 x 10-4 
F10  - - - - - 
F11 0.25 8.40 x 10 8.30 x 10 8.24 x 10 8.31 x 10 1.06 x 10-1 
F12 0.25 1.93 x 106 1.74 x 106 1.55 x 106 1.74 x 106 5.07 x 10-6 
F13 0.25 2.61 x 103 2.61 x 103 2.61 x 103 2.61 x 103 3.38 x 10-3 
F14 0.27 2.19 x 106 2.02 x 106 2.55 x 106 2.25 x 106 3.63 x 10-6 
F15 0.26 2.63 x 103 2.62 x 103 2.61 x 103 2.62 x 103 3.24 x 10-3 
F16  - - - - - 
F17 0.27 9.08 x 10 9.14 x 10 9.13 x 10 9.12 x 10 8.96 x 10-2 
F18 0.23 7.71 x 105 8.30 x 105 7.47 x 105 7.83 x 105 1.23 x 10-5 
F19 0.26 -2.21 x 106 7.56 x 106 -3.60 x 106 5.84 x 105 1.45 x 10-5 
F20 0.27 3.18 x 106 1.04 x 107 6.13 x 103 4.54 x 106 1.80 x 10-6 
F21 0.27 -4.60 x 106 3.50 x 106 -6.58 x 106 -2.56 x 106 -3.19 x 10-6 
F25 0.24 3.48 x 106 6.45 x 106 1.97 x 107 9.89 x 106 9.30 x 10-7 
F26 0.24 -1.50 x 107 -6.05 x 106 2.72 x 107 2.06 x 106 4.47 x 10-6 
F27 0.25 3.81 x 107 8.35 x 106 9.25 x 106 1.86 x 107 4.75 x 10-7 
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Table A.2 : Results of second measurements for resistance 
Code Thickness (mm) 
Resistanc
e R1 (Ω) 
Resistance 
R2 (Ω) 
Resistanc
e R3 (Ω) 
Resistance 
R3 (Ω) 
Conductivit
y 
S/cm 
FO 0.25 -2.03 x 107 4.09 x 107 9.37 x 102 6.85 x 106 1.29 x 10-6 
F1 0.28 4.04 x 103 4.13 x 103 4.18 x 103 4.11 x 103 1.92 x 10-3 
F2 0.26 -2.71 x 106 2.96 x 106 -9.33 x 106 -3.03 x 106 -2.80 x 10-6 
F3 0.24 1.63 x 104 1.64 x 104 1.66 x 104 1.64 x 104 5.59 x 10-4 
F4  - - - - - 
F5 0.29 1.28 x 102 1.29 x 102 1.32 x 102 1.30 x 102 5.86 x 10-2 
F6 0.26 1.07 x 106 1.06 x 106 1.05 x 106 1.06 x 106 8.00 x 10-6 
F7 0.27 3.59 x 103 3.60 x 103 3.61 x 103 3.60 x 103 2.27 x 10-3 
F8 0.26 2.13 x 106 -3.34 x 106 8.23 x 106 2.34 x 106 3.63 x 10-6 
F9 0.26 2.71 x 104 2.34 x 104 2.36 x 104 2.47 x 104 3.43 x 10-4 
F10  - - - - - 
F11 0.25 1.23 x 102 1.25 x 102 1.26 x 102 1.25 x 102 7.08 x 10-2 
F12 0.25 2.69 x 106 2.54 x 106 2.60 x 106 2.61 x 106 3.38 x 10-6 
F13 0.25 3.64 x 103 3.61 x 103 3.61 x 103 3.62 x 103 2.44 x 10-3 
F14 0.27 2.19 x 106 2.02 x 106 2.55 x 106 2.25 x 106 3.63 x 10-6 
F15 0.26 3.63 x 103 3.68 x 103 3.74 x 103 3.68 x 103 2.30 x 10-3 
F16  - - - - - 
F17 0.27 1.44 x 102 1.49 x 102 1.52 x 102 1.48 x 102 5.52 x 10-2 
F18 0.23 9.76 x 105 9.66 x 105 9.60 x 105 9.67 x 105 9.92 x 10-6 
F19 0.26 -2.21 x 106 7.56 x 106 -3.60 x 106 5.84 x 105 1.45 x 10-5 
F20 0.27 3.87 x 106 4.15 x 106 3.98 x 106 4.00 x 106 2.04 x 10-6 
F21 0.27 4.22 x 106 3.80 x 106 4.33 x 106 4.12 x 106 1.99 x 10-6 
F25 0.24 3.48 x 106 6.45 x 106 1.97 x 107 9.89 x 106 9.30 x 10-7 
F26 0.24 -1.50 x 107 -6.05 x 106 2.72 x 107 2.06 x 106 4.47 x 10-6 
F27 0.25 3.81 x 107 8.35 x 106 9.25 x 106 1.86 x 107 4.75 x 10-7 
F3-1 0.26 8.39 x 104 8.47 x 104 8.55 x 104 8.47 x 104 1.00 x 10-4 
F5-1 0.25 2.64 x 10 2.66 x 10 2.67 x 10 2.65 x 10 3.33 x 10-1 
F9-1 0.26 4.18 x 104 4.17 x 104 4.26 x 104 4.21 x 104 2.02 x 10-4 
F11-05 0.26 5.84 x 10 5.86 x 10 5.88 x 10 5.86 x 10 1.45 x 10-1 
F11-1 0.27 6.53 x 10 6.56 x 10 6.57 x 10 6.55 x 10 1.25 x 10-1 
F11-2 0.255 3.31 x 10 3.37 x 10 3.41 x 10 3.36 x 10 2.57 x 10-1 
F13-05 0.32 3.81 x 102 3.84 x 102 3.87 x 102 3.84 x 102 1.80 x 10-2 
F13-1 0.25 1.60 x 102 1.64 x 102 1.65 x 102 1.63 x 102 5.42 x 10-2 
F13-2 0.27 6.66 x 102 6.68 x 102 6.75 x 102 6.70 x 102 1.22 x 10-2 
F17-1 0.26 6.88 x 10 6.89 x 10 6.90 x 10 6.89 x 10 1.23 x 10-1 
FPAni-1 0.24 1.83 x 10 1.83 x 10 1.83 x 10 1.83 x 10 5.02 x 10-1 
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Table A.3 : Results of measurements for capacitance 
Specimen 
Code 
Thickness 
(mm) 
Capacitance 1  
(nF) 
Capacitance 2  
(nF) 
Capacitance 3  
(nF) 
Capacitance 
avarage  
(nF) 
FO 0.25 1.94 x 10-2 1.50 x 10-2 1.84 x 10-1 7.27 x 10-2 
F1 0.28 8.38 x 102 7.59 x 102 7.00 x 102 7.66 x 102 
F2 0.26 2.54 x 10-2 2.14 x 10-2 1.90 x 10-2 2.19 x 10-2 
F3 0.24 1.16 x 103 1.07 x 103 1.02 x 103 1.08 x 103 
F4  - - - - 
F5 0.29 - - - - 
F6 0.26 5.25 x 10-1 5.33 x 10-1 5.48 x 10-1 5.35 x 10-1 
F7 0.27 1.42 x 103 1.30 x 103 1.21 x 103 1.31 x 103 
F8 0.26 2.64 x 10-2 1.78 x 10-2 2.66 x 10-2 2.36 x 10-2 
F9 0.26 3.61 x 102 4.72 x 102 4.18 x 102 4.17 x 102 
F10  - - - - 
F11 0.25 - - - - 
F12 0.25 9.45 x 10-2 1.01 x 10-1 9.99 x 10-2 9.84 x 10-2 
F13 0.25 1.75 x 103 1.63 x 103 1.52 x 103 1.63 x 103 
F14 0.27 2.62 x 10-2 9.41 x 10-3 1.75 x 10-2 1.77 x 10-2 
F15 0.26 2.63 x 103 2.37 x 103 2.11 x 103 2.37 x 103 
F16  - - - - 
F17 0.27 - - - - 
F18 0.23 6.40 x 10-1 6.66 x 10-1 6.88 x 10-1 6.65 x 10-1 
F19 0.26 1.76 x 10-2 1.82 x 10-2 1.71 x 10-2 1.76 x 10-2 
F20 0.27 5.86 x 10-2 6.05 x 10-2 7.03 x 10-2 6.31 x 10-2 
F21 0.27 7.76 x 10-2 4.44 x 10-2 2.50 x 10-2 4.90 x 10-2 
F25 0.24 1.47 x 10-2 1.82 x 10-2 1.66 x 10-2 1.65 x 10-2 
F26 0.24 2.33 x 10-2 2.38 x 10-2 2.19 x 10-2 2.30 x 10-2 
F27 0.25 2.44 x 10-2 1.45 x 10-2 2.19 x 10-2 2.02 x 10-2 
F3-1 0.26 4.25 x 10 4.74 x 10 6.87 x 10 5.29 x 10 
F5-1 0.25 1.10 x 107 1.04 x 107 1.01 x 107 1.05 x 107 
F9-1 0.26 1.47 x 102 1.97 x 102 1.59 x 102 1.68 x 102 
F11-05 0.26 1.90 x 106 1.86 x 106 1.87 x 106 1.88 x 106 
F11-1 0.27 1.83 x 106 1.81 x 106 1.80 x 106 1.82 x 106 
F11-2 0.255 3.92 x 106 3.75 x 106 3.52 x 106 3.73 x 106 
F13-05 0.32 4.39 x 104 4.05 x 104 3.85 x 104 4.10 x 104 
F13-1 0.25 8.86 x 104 7.83 x 104 7.16 x 104 7.95 x 104 
F13-2 0.27 8.41 x 103 8.23 x 103 7.89 x 103 8.18 x 103 
F17-1 0.26 1.28 x 106 1.28 x 106 1.27 x 106 1.28 x 106 
FPAni-1 0.24 8.73 x 106 9.06 x 106 9.19 x 106 8.99 x 106 
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APPENDIX B.1  
 
Figure B.1 : SEM image of the formula F19 
 
Figure B.2 : SEM image of the formula F20 
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Figure B.3 : SEM image of the formula F21 
 
Figure B.4 : SEM image of the formula FPAni-1 
 
 83 
 
APPENDIX C.1  
Table C.1 : EDX Analysis of the original (uncoated) textile 
Element Weight% Atomic% 
 
        
C K 61.91 68.40 
O K 38.09 31.60 
   
Totals 100.00  
Table C.2 : EDX Analysis of the formula F1 
Element Weight% Atomic% 
        
C K 45.65 62.83 
N K 10.98 12.95 
O K 12.86 13.28 
Cl K 15.08 7.03 
Fe K 8.00 2.37 
Br L 7.43 1.54 
   
Totals 100.00  
Table C.3 : EDX Analysis of the formula F2 
z Weight% Atomic% 
 
        
C K 50.78 62.50 
N K 7.75 8.18 
O K 29.89 27.62 
Br L 5.98 1.11 
Ce L 5.61 0.59 
   
Totals 100.00  
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Table C.4 : EDX Analysis of the formula F3 
Element Weight% Atomic% 
 
        
C K 57.50 65.80 
N K 10.33 10.13 
O K 25.69 22.07 
Cl K 3.71 1.44 
Fe K 1.07 0.26 
Br L 1.70 0.29 
   
Totals 100.00  
Table C.5 : EDX Analysis of the formula F5 
Element Weight% Atomic% 
 
        
C K 61.36 69.55 
N K 11.82 11.49 
O K 19.58 16.66 
Cl K 4.44 1.70 
Fe K 1.55 0.38 
Br L 1.26 0.21 
   
Totals 100.00  
Table C.6 : EDX Analysis of the formula F7 
Element Weight% Atomic% 
 
        
C K 39.34 60.33 
N K 6.25 8.22 
O K 12.62 14.53 
Cl K 19.52 10.14 
Fe K 16.65 5.49 
Br L 5.62 1.30 
   
Totals 100.00  
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Table C.7 : EDX Analysis of the formula F8 
Element Weight% Atomic% 
 
        
C K 57.15 67.85 
N K 8.59 8.74 
O K 24.27 21.64 
Cl K 1.15 0.46 
Br L 5.28 0.94 
Ce L 3.57 0.36 
   
Totals 100.00  
Table C.8 : EDX Analysis of the formula F9 
Element Weight% Atomic% 
 
        
C K 62.27 70.33 
N K 8.77 8.49 
O K 22.51 19.09 
Cl K 4.23 1.62 
Fe K 1.40 0.34 
Br L 0.83 0.14 
   
Totals 100.00  
Table C.9 : EDX Analysis of the formula F11 
Element Weight% Atomic% 
 
        
C K 61.99 71.83 
N K 14.86 14.76 
O K 10.10 8.79 
Cl K 10.19 4.00 
Fe K 1.68 0.42 
Br L 1.18 0.21 
   
Totals 100.00  
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Table C.10 : EDX Analysis of the formula F13 
Element Weight% Atomic% 
 
        
C K 45.35 65.46 
N K 7.21 8.92 
O K 10.23 11.09 
Cl K 20.54 10.04 
Fe K 9.19 2.85 
Br L 7.48 1.62 
   
Totals 100.00  
Table C.11 : EDX Analysis of the formula F14 
Element Weight% Atomic% 
 
        
C K 65.45 73.91 
O K 29.87 25.32 
Br L 4.27 0.72 
Ce L 0.41 0.04 
   
Totals 100.00  
Table C.12 : EDX Analysis of the formula F15 
Element Weight% Atomic% 
 
        
C K 58.12 68.29 
N K 14.94 15.05 
O K 13.71 12.09 
Cl K 9.56 3.80 
Fe K 1.59 0.40 
Br L 2.08 0.37 
   
Totals 100.00  
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Table C.13 : EDX Analysis of the formula F17 
Element Weight% Atomic% 
 
        
C K 59.24 68.16 
N K 11.09 10.94 
O K 20.62 17.81 
Na K 0.10 0.06 
Cl K 6.21 2.42 
Fe K 1.81 0.45 
Br L 0.94 0.16 
   
Totals 100.00  
Table C.14 : EDX Analysis of the formula F19 
Element Weight% Atomic% 
 
        
C K 55.89 65.48 
N K 14.80 14.87 
O K 20.58 18.11 
Br L 8.73 1.54 
   
Totals 100.00  
Table C.15 : EDX Analysis of the formula F20 
Element Weight% Atomic% 
 
        
C K 54.49 62.93 
N K 8.26 8.18 
O K 32.45 28.14 
Br L 3.73 0.65 
Ce L 1.08 0.11 
   
Totals 100.00  
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Table C.16 : EDX Analysis of the formula F21 
Element Weight% Atomic% 
 
        
C K 54.46 62.78 
N K 10.20 10.09 
O K 30.43 26.33 
Br L 4.19 0.73 
Ce L 0.71 0.07 
   
Totals 100.00  
Table C.17 : EDX Analysis of the formula F5-1 
Element Weight% Atomic% 
        
C K 58.38 69.92 
N K 11.45 11.76 
O K 14.25 12.81 
Cl K 9.95 4.04 
Fe K 5.26 1.35 
Br L 0.71 0.13 
   
Totals 100.00  
Table C.18 : EDX Analysis of the formula F11-05 
Element Weight% Atomic% 
        
C K 64.13 73.01 
N K 8.34 8.14 
O K 18.36 15.69 
S K 0.23 0.10 
Cl K 6.61 2.55 
Fe K 1.52 0.37 
Br L 0.83 0.14 
   
Totals 100.00 
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Table C.19 : EDX Analysis of the formula F11-1 
Element Weight% Atomic% 
        
C K 63.44 71.81 
N K 9.40 9.12 
O K 19.16 16.28 
S K 0.51 0.21 
Cl K 5.70 2.19 
Fe K 1.21 0.29 
Br L 0.59 0.10 
   
Totals 100.00  
Table C.20 : EDX Analysis of the formula F11-2 
Element Weight% Atomic% 
        
C K 51.89 68.83 
N K 8.56 9.74 
O K 10.92 10.87 
S K 0.81 0.40 
Cl K 14.04 6.31 
Fe K 12.80 3.65 
Br L 0.98 0.20 
   
Totals 100.00  
Table C.21 : EDX Analysis of the formula F13-05 
Element Weight% Atomic% 
        
C K 41.13 65.03 
N K 5.99 8.12 
O K 4.95 5.88 
Na K 0.13 0.11 
Cl K 26.93 14.42 
Fe K 14.39 4.89 
Br L 6.47 1.54 
   
Totals 100.00  
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Table C.22 : EDX Analysis of the formula F13-1 
Element Weight% Atomic% 
        
C K 50.17 70.23 
N K 6.58 7.90 
O K 7.94 8.34 
Na K 0.12 0.09 
Cl K 20.24 9.60 
Fe K 7.62 2.30 
Br L 7.34 1.54 
   
Totals 100.00  
Table C.23 : EDX Analysis of the formula F13-2 
Element Weight% Atomic% 
        
C K 44.04 64.93 
N K 6.89 8.71 
O K 9.71 10.75 
Na K 0.27 0.21 
Cl K 20.31 10.15 
Fe K 11.48 3.64 
Br L 7.29 1.62 
   
Totals 100.00  
Table C.24 : EDX Analysis of the formula F17-1 
Element Weight% Atomic% 
        
C K 64.83 74.44 
N K 11.07 10.90 
O K 12.22 10.53 
Na K 0.02 0.01 
Cl K 8.88 3.45 
Fe K 2.04 0.50 
Br L 0.95 0.16 
   
Totals 100.00  
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Table C.25 : EDX Analysis of the formula FPAni-1 
Element Weight% Atomic% 
   
C K 47.59 68.10 
N K 2.17 2.66 
O K 6.06 6.51 
S K 25.59 13.72 
Cl K 18.59 9.01 
   
Totals 100.00  
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APPENDIX D.1  
 
Figure D.1 : FTIR spectrum of the original (uncoated) textile 
 
Figure D.2 : FTIR spectrum of the pyrrole monomer 
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Figure D.3 : FTIR spectrum of the aniline monomer 
 
Figure D.4 : FTIR spectrum of the formula F1 
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Figure D.5 : FTIR spectrum of the formula F2 
 
Figure D.6 : FTIR spectrum of the formula F3 
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Figure D.7 : FTIR spectrum of the formula F5 
 
Figure D.8 : FTIR spectrum of the formula F6 
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Figure D.9 : FTIR spectrum of the formula F7 
 
Figure D.10 : FTIR spectrum of the formula F8 
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Figure D.11 : FTIR spectrum of the formula F9 
 
Figure D.12 : FTIR spectrum of the formula F11 
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Figure D.13 : FTIR spectrum of the formula F12 
 
Figure D.14 : FTIR spectrum of the formula F13 
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Figure D.15 : FTIR spectrum of the formula F14 
 
Figure D.16 : FTIR spectrum of the formula F15 
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Figure D.17 : FTIR spectrum of the formula F17 
 
Figure D.18 : FTIR spectrum of the formula F18 
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Figure D.19 : FTIR spectrum of the formula F19 
 
Figure D.20 : FTIR spectrum of the formula F20 
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Figure D.21 : FTIR spectrum of the formula F21 
 
Figure D.22 : FTIR spectrum of the formula F25 
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Figure D.23 : FTIR spectrum of the formula F26 
 
Figure D.24 : FTIR spectrum of the formula F27 
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Figure D.25 : FTIR spectrum of the formula F3-1 
 
Figure D.26 : FTIR spectrum of the formula F5-1 
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Figure D.27 : FTIR spectrum of the formula F9-1 
 
Figure D.28 : FTIR spectrum of the formula F11-05 
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Figure D.29 : FTIR spectrum of the formula F11-1 
 
Figure D.30 : FTIR spectrum of the formula F11-2 
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Figure D.31 : FTIR spectrum of the formula F13-05 
 
Figure D.32 : FTIR spectrum of the formula F13-1 
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Figure D.33 : FTIR spectrum of the formula F13-2 
 
Figure D.34 : FTIR spectrum of the formula F17-1 
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Figure D.35 : FTIR spectrum of the formula FPAni-1 
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